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ABSTRACT 

A model which a p p r o x i m a t e s  t h e  t h r e e - d i m e n s i o n a l  v e l o c i t y  

The model f l u c t u a t i o n s  o f  wind t u r b u l e n c e  h a s  b e e n  d e v e l o p e d .  

p r o v i d e s  a v e l o c i t y  f i e l d  which v a r i e s  randomly  w i t h  t i m e  a n d  

s p a c e  a n d  g i v e s  t h e  p r o p e r  c o r r e l a t i o n  b e t w e e n  s p a t i a l  l o c a t i o n s  

and  v e l o c i t y  componen t s .  I n  a d d i t i o n ,  t h e  s p e c t r a l  r e p r e s e n t a -  

t i o n s  a p p r o x i m a t e  those o b s e r v e d  f rom a r o t a t i n g  r e f e r e n c e  

f r ame .  The v e r s i o n  of t h e  model d e s c r i b e d  i n  t h i s  r e p o r t  is  a 

t i m e  domain s i m u l a t i o n .  

a to r  t o  c o n s t r u c t  a w h i t e  n o i s e  t i m e  series w i t h  a u n i f o r m  power 

s p e c t r a l  d e n s i t y  o v e r  t h e  f r e q u e n c y  r a n g e  o f  i n t e r e s t .  T h i s  

n o i s e  s o u r c e  is t h e n  p a s s e d  t h r o u g h  a set  of a p p r o p r i a t e  l i n e a r  

I t  makes u s e  o f  a random number g e n e r -  

f i l t e r s  t o  o b t a i n  t h e  v a r i o u s  w i n d  v e l o c i t y  f l u c t u a t i o n s  w h i c h  

would be e x p e r i e n c e d  by a r o t a t i n g  wind t u r b i n e  b lade .  

I t  is e x p e c t e d  t h a t  t h i s  model  o f  t h e  t u r b u l e n t  a t m o s p h e r i c  

w i n d  w i l l  be  u s e d  a s  a wind  s i m u l a t i o n  f o r  o t h e r  more complex  

d y n a m i c s  codes which  are u s e d  t o  compute dynamic  loads. F o r  t h i s  

r e a s o n ,  t h e  t u r b u l e n c e  s i m u l a t o r  h a s  been k e p t  as s i m p l e  a s  

p o s s i b l e ,  and  was d e s i g n e d  t o  compute  t h e  wind  f l u c t u a t i o n s  a s  

r a p i d l y  a s  p o s s i b l e .  



INTRODUCTION 

T h e  o b j e c t i v e  of t h i s  r e p o r t  i s  t o  d e v e l o p  a t i m e  domain  

s i m u l a t i o n  model wh ich  a p p r o x i m a t e s  t h e  three-dimensional  v e l o c -  

i t y  f l u c t u a t i o n s  of wind  t u r b u l e n c e .  T h e  model p r o v i d e s  a v e l o c -  

i t y  f i e l d  which v a r i e s  randomly  w i t h  t i m e  a n d  s p a c e  and  g i v e s  t h e  

p r o p e r  c o r r e l a t i o n  b e t w e e n  s p a t i a l  l o c a t i o n s  a n d  v e l o c i t y  compo- 

n e n t s .  I n  a d d i t i o n ,  t h e  s p e c t r a l  r e p r e s e n t a t i o n s  a p p r o x i m a t e  

those o b s e r v e d  f o r  a r o t a t i n g  r e f e r e n c e  f r a m e .  I t  nakes u s e  o f  a 

random number g e n e r a t o r  t o  c o n s t r u c t  a w h i t e  n o i s e  ser ies  w i t h  a 

u n i f o r m  power s p e c t r a l  d e n s i t y  o v e r  t h e  f r e q u e n c y  r a n g e  o f  i n t e r -  

e s t .  T h i s  n o i s e  s o u r c e  is t h e n  p a s s e d  t h r o u g h  a se t  o f  a p p r o p r i -  

a t e  l i n e a r  f i l t e r s  t o  o b t a i n  t h e  v a r i o u s  wind  v e l o c i t y  f l u c t u a -  

t i o n s  wh ich  would be  e x p e r i e n c e d  by a r o t a t i n g  wind t u r b i n e  

b l a d e .  

The program i s  w r i t t e n  i n  F o r t r a n  V o n  t h e  CDC Cyber  170/720 

series. It is d e s i g n e d  i n  a b l o c k - s t r u c t u r e d  f o r m  so v a r i o u s  

t a s k s  p e r f o r m e d  w i t h i n  t h e  program a re  e s s e n t i a l l y  s e p a r a t e  rou-  

t i n e s  and  are l i n k e d  t o g e t h e r  by a n  e x e c u t i v e  program.  Appen- 

dices C t h r o u g h  F i n c l u d e  a c o m p l e t e  p r o g r a m  l i s t i n g ,  a s a m p l e  

i n p u t  da t a  f i l e ,  a p r o c e d u r a l  example  of t h e  i n t e r a c t i v e  f e a -  

t u r e s ,  and r e s u l t s  of t h e  s a m p l e  r u n  as o b s e r v e d  f r o m  t h e  t i p  of 

a Mod-OA w.nd t u r b i n e  b l a d e .  

2 



CHAPTER 1. TURBULENCE MODEL 

1.1 I n t r o d u c t i o n  

F l u c t u a t i o n s  i n  t h e  a e r o d y n a m i c  f o r c e s  o n  a wind  t u r b i n e  

b l a d e  a re  g e n e r a t e d  by t h e  r e l a t i v e  m o t i o n s  of t h e  a i r  w i t h  

r e s p e c t  t o  t h e  blade. T h e s e  r e l a t i v e  m o t i o n s  are c o m p r i s e d  of 

t w o  p a r t s :  t h e  m o t i o n s  of t h e  blade and  t h e  m o t i o n s  of t h e  

a i r .  T h e  m o t i o n s  of t h e  a i r  c a n  f u r t h e r  be d i v i d e d  i n t o  t h e  

u n d i s t u r b e d  t u r b u l e n t  f l o w  and t h e  " i n d u c e d  f low"  d u e  t o  t h e  

p r e s e n c e  of t h e  wind t u r b i n e  wake. The terms c o m p r i s i n g  t h e  

u n d i s t u r b e d  t u r b u l e n t  flow will be chzracterized i n  t h i s  chap- 

ter. More p r e c i s e l y ,  f o r  a h o r i z o n t a l  a x i s  wind  t u r b i n e ,  t h e  

ae rodynamic  f o r c e s  a r e  d e t e r m i n e d  by t h e  i n s t a n t a n e o u s  a i r  v e l o c -  

i t y  d i s t r i b u t i o n  a l o n g  each of t h e  t u r b i n e  b l a d e s .  These b lades ,  

i n  t u r n ,  are r o t a t i n g  t h r o u g h  the t u r b u l e n c e  f i e l d  which  is b e i n g  

c o n v e c t e d  p a s t  t h e  t u r b i n e  rotor d i s k .  It  i s  t h u s  n e c e s s a r y  t o  

c h a r a c t e r i z e  t h e  w i n d  t u r b u l e n c e  f i e l d  by a t h r e e - d i m e n s i o n a l  

v e l o c i t y  v e c t o r  wh ich  v a r i e s  randomly w i t h  t i m e  and w i t h  t h e  

p o s i t i o n  i n  s p a c e .  A c o m p l e t e  s t a t i s t i c a l  d e s c r i p t i o n  of  t h i s  

t u r b u l e n t  v e l o c i t y  f i e l d  r e q u i r e s  t h e  d e t e r m i n a t i o n  of a l l  p o s s i -  

b l e  j o i n t  p r o b a b i l i t y  d i s t r i b u t i o n s  be tween  d i f f e r e n t  v e l o c i t y  

components  a t  d i f f e r e n t  times a n d  p o s i t i o n s  i n  s p a c e .  C l e a r l y ,  

s u c h  a d e s c r i p t i o n  w i l l  n o t  be possible w i t h o u t  c o n s i d e r a b l e  

s i m p l i f i c a t i o n .  The v a l i d i t y  of t h e  r e s u l t i n g  s i m p l i f i e d  model 

w i l l  d epend  upon a c o m p a r i s o n  of t h e  cha rac t e r i s t i c s  p r e d i c t e d  by 

t h e  model a n d  those o b s e r v e d  i n  t h e  a t m o s p h e r e  and more 

3 



i m p o r t a n t l y ,  t h o s e  o b s e r v e d  i n  a c t u a l  wind t u r b i n e  f i e l d  tes ts  

(1). I n  t h i s  c h a p t e r  w e  w i l l  d e s c r i b e  t h i s  model. A more 

d e t a i l e d  d e s c r i p t i o n  o f  t h e  a n a l y t i c a l  s t e p s  u s e d  t o  a r r i v e  a t  

t h e  s i m p l i f i e d  model is p r e s e n t e d  i n  r e f e r e n c e  ( 2 ) .  

1.2 Model Assumpt ions  a n d  A p p r o x i m a t i o n s  

The w i n d  t u r b u l e n c e  i n p u t s  u s e d  i n  t h i s  r e p o r t  a r e  d e t e r -  

mined  i n  th ree  basic  m o d e l i n g  s t e p s .  F i r s t ,  t h e  t u r b u l e n t  v e l o c -  

i t y  f i e l d  i s  c h a r a c t e r i z e d  by a model which g i v e s  t h e  correla- 

t i o n s  between v e l o c i t y  componen t s  a t  d i f f e r e n t  s p a t i a l  p o i n t s  and 

a t  d i f f e r e n t  t i m e  i n s t a n t s .  Second ,  t h e  v e l o c i t y  f i e l d  is 

a p p r o x i m a t e d  i n  t h e  rotor  d i s k  by a s e r i e s  which  v a r i e s  w i t h  

t i m e .  A cor re l a t ion  model f o r  these components  is d e r i v e d  f r o m  

t h e  o r i g i n a l  f i e l d  model .  T h i r d ,  s i m p l e  r a t i o n a l  s p e c t r a l  r e p r e -  

s e n t a t i o n s  a r e  d e t e r m i n e d  . w h i c h  a p p r o x i m a t e  t h e  d e r i v e d  correla- 

t i o n  model. A b r i e f  d i s c u s s i o n  o f  t h e  a s s u m p t i o n s  a n d  approx ima-  

t i o n s  u s e d  i n  these  s t e p s  f o l l o w s .  

The  t u r b u l e n t  v e l o c i t y  f i e l d  is assumed t o  b e  s t a t i o n a r y ,  

l o c a l l y  homogeneous, i s o t r o p i c  ( 3 1 ,  and  s a t i s f y i n g  T a y l o r ' s  f r o -  

z e n  f i e l d  h y p o t h e s i s  ( 4 ) .  The  Von Karman model (5) is u s e d  t o  

c h a r a c t e r i z e  t h e  c o r r e l a t i o n s  be tween  v e l o c i t i e s  o f  s p a t i a l l y  

s e p a r a t e d  p o i n t s .  T h i s  model is w i d e l y  u s e d  i n  a i r c r a f t  t u r b u -  

lence response a n a l y s i s  ( 6 , 7 ) .  However, d u e  t o  t h e  a n i s o t r o p i c  

n a t u r e  of t h e  a t m o s p h e r i c  b o u n d a r y  l a y e r ,  t h e  u s e  o f  t h e  model 

f o r  wind t u r b i n e s  c a n  be q u e s t i o n e d .  Frost  ( 8 )  has es t imated  

t h a t  t h e  d e v i a t i o n  f r o m  i s o t r o p y  is of s e c o n d a r y  i m p o r t a n c e .  



However, o n e  s h o u l d  n o t  r e l y  h e a v i l y  o n  d e s i g n  c a l c u l a t i o n s  wh ich  

u s e  t h i s  model u n t i l  more c o m p l e t e  e x p e r i m e n t a l  v e r i f i c a t i o n  i s  

a v a i l a b l e .  

Once t h e  c o r r e l a t i o n  model o f  t h e  t u r b u l e n c e  f i e l d  is estab- 

l i s h e d ,  t h e  v e l o c i t y  is a p p r o x i m a t e d  o v e r  t h e  rotor d i s k  by a 

series which v a r i e s  w i t h  t i m e .  T h i s  is d o n e  t o  s i m p l i f y  t h e  

s t a t i s t i c a l  n a t u r e  o f  t h e  random f i e l d  t o  t h a t  o f  s e v e r a l  s to -  

c h a s t i c  p r o c e s s e s .  

I n  o r d e r  t o  f u r t h e r  s i m p l i f y  t h e  model, t h e  power s p e c t r a l  

d e n s i t i e s  are a p p r o x i m a t e d  by a s i m p l e  r a t i o n a l  form,  and  non- 

d i m e n s i o n a l  p a r a m e t e r s  are determined which match the low fre- 

quency power s p e c t r a l  d e n s i t y  and  t h e  t o t a l  v a r i a n c e  f o r  t h e  

computed s p e c t r a  a n d  t h e  r a t i o n a l  a p p r o x i m a t i o n .  The r a t i o n a l  

form c h o s e n  c o r r e s p o n d s  t o  a n  e x p o n e n t i a l l y  correlated random 

process which is p a r t i c u l a r l y  e a s y  t o  h a n d l e  b o t h  a n a l y t i c a l l y  

and i n  s i m u l a t i o n .  The f o l l o w i n g  s e c t i o n  d e s c r i b e s  t h e  r e s u l t i n g  

model i n  more d e t a i l .  

1.3 Series A p p r o x i m a t i o n  t o  t h e  T u r b u l e n t  V e l o c i t y  F i e l d  

The l o n g i t u d i n a l  component o f  t u r b u l e n c e  ( n o r m a l  t o  t h e  

rotor  d i s k )  g e n e r a l l y  p r o v i d e s  t h e  m o s t  i m p o r t a n t  a e r o d y n a m i c  

e f f e c t  on  wind t u r b i n e s  (5). I n  o r d e r  t o  p r o v i d e  a n  accurate 

d e t e r m i n a t i o n  of these e f f e c t s ,  i t  is p r o p o s e d  t o  a p p r o x i m a t e  t h e  

v a r i a t i o n  of  t h e  v e l o c i t y  a c r o s s  t h e  rotor d i s k  by a s e r i e s  which  

i n c l u d e s  u p  t o  q u a d r a t i c  terms. Us ing  T a y l o r ' s  f r o z e n  f i e l d  

h y p o t h e s i s  r e l a t i n g  t h e  s p a t i a l  and  t i m e  d e p e n d e n c y ,  t h e  v e l o c i t y  

across t h e  rotor d i s k  c a n  be  w r i t t e n  a s  f o l l o w s :  

5 



where v y ( x f y f z )  i s  t h e  v e l o c i t y  component  d e p e n d i n g  o n  t h e  x , y , z  

c o o r d i n a t e s  shown i n  F i g u r e  1.1 and  R is t h e  r a d i u s  of t h e  rotor  

d i s k .  The  series o f  f u n c t i o n s :  

f o  = 1 

f l  = 2 

f 2  = x ( 1 . 2 )  

f 5  = zx 

were found  by c h o o s i n g  p o l y n o m i a l s  w i t h  s u c c e s s i v e l y  h i g h e r  

powers of x and  z and  e n f o r c i n g  c o n d i t i o n s  o f  m u t u a l  o r t h o g o n a l -  

i t y  o v e r  t h e  rotor  d i s k ,  i . e . ,  

Thus ,  t h e  l e a s t - s q u a r e  f u n c t i o n a l  a p p r o x i m a t i o n  ( i . e . ,  t h e  terms 

. . . w h i c h  m i n i m i z e  t h e  d i f f e r e n c e  be tween  v a n d  t h e  a p p r o x i -  
vY Y 
mate v a l u e )  is g i v e n  u s i n g  t h e  u s u a l  g e n e r a l i z e d  F o u r i e r  expan-  

s i o n  fo rmulas  ( 6 )  : 
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V = I z vy  dA/$ z2 dA 
Y f Z  

V = / x vy dA/I x 2  dA 
Y f X  

= $ ( 2  2 - 1 2  R ) v y  d A / I  (z2 - a R2)2 dA 

= $ ( x  2 - - 1 2  R ) vy dA/$ ( x 2  - a R2)* dA 

vY,zz 

Y f X X  4 V 

= $ zx v d A / j  ( z x ) ~  dA 
Y f Z X  Y 

V 

Note t h a t  t h e  t i m e  a rgumen t  h a s  b e e n  d r o p p e d  f o r  t h e s e  equa- 

t i o n s .  

i n s t a n t  of t i m e .  

I t  s h o u l d  be u n d e r s t o o d  t h a t  t h e s e  e q u a t i o n s  a p p l y  a t  a n y  

N o w ,  when t h e  s t a t i s t i c s  o f  t h e  terms V y r Z Z  a n d  

a re  c o n s i d e r e d  it is found t h a t  c o r r e l a t i o n  b e t w e e n  t h e  
I xx 

terms e x i s t s  wh ich  complicates t h e  s t a t i s t i c a l  mode l ing .  

a l l e v i a t e  t h i s  p r o b l e m ,  l i n e a r  c o m b i n a t i o n s  of t h e  l a s t  t h r e e  

terms are  d e f i n e d  so t h a t  t h e  r e s u l t i n g  s i x  terms are a l l  m u t u a l -  

l y  u n c o r r e l a t e d .  Thus ,  w e  d e f i n e  

To 

C o n v e r t i n g  t o  p o l a r  c o o r d i n a t e s  a n d  s u b s t i t u t i n g  E q s .  ( 1 .5 )  i n t o  

E q s .  (1.1) a n d  (1.4) g i v e s  t h e  f o l l o w i n g  fo rm f o r  t h e  series 
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v = v  + v  r cos$ + V r s i n $  
Y Y '0 Y *z Y * x  

where  t h e  s i x  r e l a t i o n s :  

1 R 271 I I v rdrd$  I = -  
2 Y 

V 
rR 0 0 Y '0 

. R 271 
f I v ( r c o s $ ) r d r d $  9 = -  V 

Y * Z  rR4 o o Y 

R 2 t  
I I v ( r s i n $ ) r d r d $  4 = -  

4 Y 
V 

r R  o o Y * x  

R 2 t  - - -  l2 I I v (r2 - f R 2 ) r d r d g  
6 Y n r  o o 

V 
y I r r  

2 7 1  x2 I / v y ( r  c o s 2 q ) r d r d $  6 

y'rc  rR6 o o 
= -  V 

e -  ' ? /'" v y ( r 2  s i n 2 $ ) r d r d $  6 IR o o y l r s  V 

( 1 . 6 )  

G i v e n  a t h r e e - d i m e n s i o n a l  c o r r e l a t i o n  model f o r  t h e  v e l o c i t y  

component  v it is t h e n  p o s s i b l e  t o  u t i l i z e  E q s .  (1.7) t o  com- 

p u t e  t h e  c o r r e l a t i o n  s t a t i s t i c s  or  power  s p e c t r a l  d e n s i t i e s  f o r  

t h e  s i x  " i n d i c i a l "  v e l o c i t y  t e r m s :  V 

p r o c e e d i n g  t o  do t h i s ,  however ,  w e  w i l l  f i r s t  cons ider  t h e  con-  

v e r g e n c e  p r o p e r t i e s  o f  - t h e  s e r i e s .  

Y' 

etc .  B e f o r e  y*o* vY,z' 

I n  g e n e r a l ,  t h e  c o n v e r g e n c e  of a series based o n  o r t h o g o n a l  

f u n c t i o n s  r e q u i r e s  t h a t  t h e  t r u e  f u n c t i o n  be s q u a r e  i n t e g r a b l e  
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o v e r  t h e  domain of  i n t e r e s t  ( 7 ) .  The t u r b u l e n t  v e l o c i t y  compon- 

e n t ,  

t h a t  t h e  u s u a l  Riemann i n t e g r a t i o n  does n o t  a p p l y .  The theorems 

of s t o c h a s t i c  i n t e g r a t i o n  ( 8 )  c a n  be used i n s t e a d ,  and  t h e  con- 

c e p t  of conve rgence  o f  t h e  series can  be d e f i n e d  so t h a t  t h e  

v a r i a n c e  of  t h e  d i f f e r e n c e  between t h e  t r u e  v a l u e  and t h a t  g i v e n  

by t h e  t r u n c a t e d  series g o e s  to z e r o  as more and  more terms i n  

t h e  ser ies  are i n c l u d e d  ( 9 ) .  S i n c e  t h e  v a r i a n c e  of t h i s  a p p r o x i -  

m a t i o n  e r r o r  is p o s i t i v e  o v e r  t h e  whole domain, a n e c e s s a r y  and 

s u f f i c i e n t  c o n d i t i o n  f o r  convergence  o f  t h e  series is t h a t  t h e  

error v a r i a n c e ,  a v e r a g e d  o v e r  t h e  domain, goes t o  zero. T h i s  

ave raged  error v a r i a n c e  is then  a measure o f  t h e  c o n v e r g e n c e  

p r o p e r t i e s  of  t h e  series.  T a b l e  1.1 shows t h e  r e l a t i v e  a p p r o x i -  

is a random v a r i a b l e  depending on s p a c e  and t i m e ,  so v Y  

ma t ion  error f o r  

1 
o A  

9=T!  

t h e  t r u n c a t e d  se r ies  d e f i n e d  by Eq. (1.6). 

E[(vy  - GY)’] d A  

I 

Y where v = t r u n c a t e d  series r e p r e s e n t a t i o n  o f  v Y 

Y a* = v a r i a n c e  of v 

A = a r e a  o f  rotor  d i s k .  

The r e l a t i v e  a p p r o x i m a t i o n  error  i s  s e e n  t o  depend o n  t h e  dimen- 

s i o n l e s s  p a r a m e t e r  R/L where R is t h e  d i s k  r a d i u s  and  L is t h e  

t u r b u l e n c e  i n t e g r a l  scale. The  computa t ion  was carried o u t  u s i n g  

t h e  t h r e e - d i m e n s i o n a l  Von Karman c o r r e l a t i o n  f u n c t i o n  f o r  iso- 

t r o p i c  t u r b u l e n c e  ( 1 0 ) .  

A l s o  shown i n  Table  1.1 a r e  t h e  r e l a t i v e  a p p r o x i m a t i o n  

is r e t a i n e d  and  when t h e  Y errors when o n l y  t h e  u n i f o r m  term V 



are  re ta ined .  These  Y f X  
un i fo rm and  s h e a r  terms V y f 0 ,  V Y f z ,  a n d  V 

r e l a t i v e  approx ima t ion  errors are d e s i g n a t e d  €0 a n d  €1, r e s p e c -  

t i v e l y .  I t  c a n  immedia te ly  be s e e n  f r o m .  t h e  t ab le  t h a t  t h e  quad- 

r a t i c  terms improve t h e  a p p r o x i m a t i o n  and  t h a t  t h e  a p p r o x i m a t i o n  

is r e l a t i v e l y  poor when t h e  d i s k  r a d i u s  a p p r o a c h e s  t h e  t u r b u l e n c e  

i n t e g r a l  s c a l e .  It  must be remembered, however ,  t h a t  t h e  Von 

Karman model does n o t  a c c o u n t  f o r  t h e  e f f e c t s  o f  h i g h  wave number 

v i s c o u s  d i s s i p a t i o n  and t h a t  t h e  ae rodynamic  wind t u r b i n e  rotor  

f o r c e s  are a lways  g i v e n  by s p a t i a l  i n t e g r a t i o n s  wh ich  a l s o  pro-  

v i d e  low-pass wave number f i l t e r i n g .  Thus,  i t  is  e x p e c t e d  t h a t  

these aerodynamic f o r c e s  w i l l  be  computed more a c c u r a t e l y  u s i n g  

t h e  t r u n c a t e d  s e r i e s  a p p r o x i m a t i o n  t h a n  is i n d i c a t e d  by t h e  d a t a  

i n  T a b l e  1.1. 

Us ing  un i fo rm and  l i n e a r  g r a d i e n t  t e r m s  t o  a p p r o x i m a t e  t h e  

in -p lane  v e l o c i t y  components y i e l d s  s i x  t u r b u l e n c e  i n p u t  terms . 

which v a r y  w i t h  t i m e .  The comple t e  t u r b u l e n c e  model c a n  t h e n  be 

w r i t t e n  i n  t h e  f o l l o w i n g  form: 

Norma 1 V e  l o c i  t y  Components : 

vy(x , -vwt ,2 )  = v + v (2) + v ( X I  + V Y , ]  
Y f O  Y 12 Y f X  1 

( z 2 + x  2 - 3 R )  1 2  

(22x1 ( 1 . 9 )  2 2 
+ v  y r r c  (2 - x 1 + V y , r s  

In-Plane V e l o c i t y  Components: 

- 
2 + g z x z  + Y Z X X  + Y Z X X  + E zx  V Z [ X , - V W t ’ Z )  = v 

2 rO 
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where t h e  t ime-dependen t  l i n e a r  g r a d i e n t  t u r b u l e n c e  p a r a m e t e r s  

are  g i v e n  by 

T h e r e  a re  t w e l v e  t u r b u l e n c e  i n p u t s  w h i c h  d e f i n e  t h e  t u r b u l e n c e  

model .  These  t w e l v e  t e r m s  are d e s c r i b e d  i n  T a b l e  1.2. Drawings  

of t y p i c a l  f l u i d  s t r e a m l i n e s  are shown i n  Figure 1.2 frrr t h e  in -  

p l a n e  g r a d i e n t  terms. 

1.4 F i l t e r e d  Noise Model For' T u r b u l e n c e  

Each of these t w e l v e  terms a re  modeled  as  a s t a t i o n a r y  ex -  

p o n e n t i a l l y  correlated random p r o c e s s ,  a n d  t h e y  a r e  assumed t o  be  

u n c o r r e l a t e d  w i t h  e a c h  o t h e r ;  a l t h o u g h  it  c a n  be shown u s i n g  mass 

c o n t i n u i t y  t h a t  V y , o ,  c Z X  and ' y , r r  m u s t  b e  correlated.  

and ' y , r r  

n o t  associated w i t h  l a r g e  ae rodynamic  f o r c e s  a l l o w i n g  t h i s  s i m -  

p l i c a t i o n  w i t h o u t  i n t r o d u c i n g  l a r g e  error. T h i s  m a k e s  it pos- 

s i b l e  t o  r e p r e s e n t  t h e  t u r b u l e n c e  i n p u t s  i n  t h e  f o l l o w i n g  way 

- The EzX 

terms are r e l a t i v e l y  s m a l l  compared  w i t h  Vy,oI a n d  a re  

- (1.11) d x  = Ax + Bw d t  
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where x = t h e  v e c t o r  of s y s t e m  s t a t e s  

w = t h e  v e c t o r  of i n d e p e n d e n t  w h i t e  noise e x c i t a t i o n s  

A , B  = matrices. 

The s t a t e  c o r r e l a t i o n  m a t r i x  is d e f i n e d  by 

( 1 . 1 2 )  T 
R ( T )  = E [ x ( t  + T ) X  ( t ) ]  

a n d  is  computed f r o m  t h e  d i f f e r e n t i a l  e q u a t i o n  ( f o r  T > 0 )  

- R = AR I R ( o )  = X (1 .13)  d r  

where  t h e  c o v a r i a n c e  m a t r i x  X ( a s s u m i n g  z e r o  mean)  is g i v e n  by 

t h e  s o l u t i o n  t o  t h e  Lyapunov e q u a t i o n  (11) 

AX + XAT + B SwBT = 0 ( 1 . 1 4 )  

a n d  S, i s  t h e  d i a g o n a l  m a t r i x  o f  n o i s e  power s p e c t r a l  d e n s i t i e s .  

e tc .  f o r m  t h e  YIO, vY,zt  Assuming t h a t  t h e  t u r b u l e n c e  terms V 

s t a t e  o f  a s y s t e m  i n  t h e  f o r m  o f  E q .  ( l o l l ) ,  t h e  c o r r e l a t i o n  

m a t r i x  R(T) is g i v e n  by t h e  v a r i o u s  cross co r re l a t ions  among t h e  

i n d i v i d u a l  terms. For e x a m p l e ,  

9 z1z2 dA1 dA2 ( 1 . 1 5 )  

where t h e  i n t e g r a t i o n  is o v e r  t w o  d i s k s  o f  r a d i u s  R .  The  sub-  

s c r i p t s  1 and 2 r e f e r  t o  c o o r d i n a t e s  i n  t h e  t w o  d i s k s ,  r e s p e c -  

t i v e l y .  Given t h e  c o r r e l a t i o n  m a t r i x  R ( T ) ,  t h e  m a t r i x  A c a n  be 

computed  by i n t e g r a t i n g  E q .  ( 1 . 1 3 )  



or 

A = - X [ S + ] - l  

m 

where S, = R ( T )  dT 

X = R(o) 
0 

and R ( - )  = 0. 

The B matrix then must satisfy Eq. (1.14) so that 

B Sw BT = - (AX + uT) 

(1.16) 

(1.17) 

(1.18) 

If the noise terms are chosen (for simplicity) to have identical 

power spectral densities, then 

(1.19) 

where Sw is now the scalar PSD of each noise excitation. 

unique matrix B can be determined if it is also required to be 

triangular, the result of which is called the Chloeskii square 

root matrix (12). 

A 

In cases where R ( T )  is diagonal, considerable simplification 

results. In this case, A and B will both be diagonal and the 

resulting scalar equations apply: 

X. 

B k = J -  2AkXk 

sW 

where the subscript indicates the kth diagonal- element. 

13 

(1.20) 



I t  is c o n v e n i e n t  t o  choose t h e  n o i s e  power s p e c t r a l  d e n s i t y  

2 a L  
3 17 

sw = - 
w 

(1.21) 

t h e r e b y  d e f i n i n g  t h e  n o i s e  v e c t o r  t o  be d i m e n s i o n l e s s .  A l s o ,  

d i m e n s i o n l e s s  parameters c a n  be c h o s e n  so t h a t  

*k 
a * = - -  

vW 

b, = 

Bk 
2 

vW 

(1.22) 

f o r  u n i f o r m  terms 

RL B k  

2 f o r  shear t e r m s  
v W  

2 R L Bk 

2 f o r  q u a d r a t i c  terms 
vW 

(1.23) 

T h e s e  p a r a m e t e r s  o n l y  depend  o n  t h e  d i m e n s i o n l e s s  r a t i o  R/L,  

where a g a i n  R i s  t h e  d i s k  r a d i u s  and L is t h e  t u r b u l e n c e  i n t e g r a l  

scale.  The p r e v i o u s  w o r k  (13) g i v e s  a t a b l e  o f  v a l u e s  f o r  t h e  a *  

and  b* p a r a m e t e r s  f o r  t h e  u n i f o r m  a n d  shear v a l u e s ,  w h i l e  t h e  

q u a d r a t i c  terms a re  f o u n d  i n  (14). I n  summary, t h e n ,  f o r  a g i v e n  

t u r b i n e  rotor s i z e  a n d  t u r b u l e n c e  sca le ,  t h e  a+  and  b* p a r a m e t e r s  

are  g i v e n .  Then usin.,: t h e  s t e a d y  wind  s p e e d  Vw a n d  t h e  t u r b u l e n t  
1 

v e l o c i t y  v a r i a n c e  a', t h e  d i m e r z i o n a l  p a r a m e t e r s  g o v e r n i n g  t h e  

model are t h e n  computed.  

I n  o r d e r  t o  avc d t h e  i n c o n v e n i e n t  i n t e r p o l a t i o n  n e c e s s a r y  

i n  e v a l u a t i n g  t h e  m o d e l - p a r a m e t e r s  when R/L is  n o t  a t a b u l a t e d  

v a l u e ,  a r e g r e s s i o n  p r o c e d u r e  was u t i l i z e d  t o  g i v e  a f o r m u l a  f o r  

c a l c u l a t i n g  t h e  d i m e n s i o n l e s s  p a r a m e t e r s .  F o r  t h e  u n i f o r m  terms, 

t h e  f o l l o w i n g  form w a s  found  t o  desc r ibe  t h e  d a t a :  

14 
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k p * ( l  + k 3 R * )  
( 1  + k4R,)  a, or b, k l -  

- R  where  R, - - 
The p a r a m e t e r s  k l ,  etc. were d e t e r m i n e d  a s  f o l l o w s :  

L =  

1. k l  is g i v e n  by t h e  l i m i t  a s  R* + 0 ,  w h i c h  is 

e i ther  1, 2 o r  4 2 .  

( 1 . 2 4 )  

2. Assuming k 3  = 0 a n d  R* is  small ,  E q .  ( 1 . 2 4 )  c a n  be 

r e a r r a n g e d  so t h a t  

a, o r  b, k l  - k 2  R, 
2 

+ k 2 k 4  R, 

t h e  p a r a m e t e r s  k 2  and k 4  c a n  be found  u s i n g  s t a n d -  

a r d  l i n e a r  r e g r e s s i o n  u s i n g  t h e  da ta  f o r  small R*. 

3 .  The e q u a t i o n  is t h e n  r e a r r a n g e d  i n t o  t h e  f o r m  

k4R* 
a, o r  b *  = k l  + c 1 1 + k4R, + c 2 R  ( 1 . 2 6 )  

and t h e  p a r a m e t e r s  c1 a n d  c2 a r e  a g a i n  d e t e r m i n e d  

u s i n g  s t a n d a r d  l i n e a r  r e g r e s s i o n  w i t h  k l  a n d  k 4  

f i x e d .  These  v a l u e s  t h e n  g i v e  t h e  f i n a l  v a l u e s  o f  

k2 a n d  k3 p a r a m e t e r s .  

T a b l e  1 . 3  shows  t h e  r e s u l t i n g  r e g r e s s i o n  p a r a m e t e r s  f o r  t h e  u n i -  

form t u r b u l e n c e  terms i n c l u d i n g  t h e  i n - p l a n e  v e l o c i t y  c o m p o n e n t s  

d e s c r i b e d  i n  t h e  p r e v i o u s  w o r k  ( 1 4 ) .  

F o r  t h e  s h e a r  a n d  q u a d r a t i c  terms a d i f f e r e n t  fo rm w a s  f o u n d  

t o  f i t  t h e  da t a .  I n  t h i s  case, 

15 



The parameter k 2  was c h o s e n  t o  m a t c h  t h e  s l o p e  of a log-log p l o t  

o f  a* or b* v s .  R*. A v a l u e  of k2  = 1 was found  t o  g i v e  good 

r e s u l t s  f o r  a* a n d  k 2  = 1/4 f o r  b*. The r e m a i n i n g  parameters,  

k l ,  k 3  a n d  k 4 ,  were d e t e r m i n e d  by s t a n d a r d  l i n e a r  r e g r e s s i o n .  

T a b l e  1 . 4  g i v e s  t h e  r e s u l t i n g  v a l u e s  f o r  b o t h  t h e  n o r m a l  a n d  in -  

p l a n e  components  f o r  t h e  shear  terms and  f o r  t h e  n o r m a l  component  

q u a d r a t i c  t e rms .  Aga in  t h e  da t a  f o r  t h e  i n - p l a n e  terms were 

t a k e n  f r o m  r e f e r e n c e  ( 1 5 ) .  I n  a l l  cases t h e  maximum d e v i a t i o n  o f  

t h e  da t a  from t h e  r e g r e s s i o n  c u r v e s  w a s  less t h a n  5%.  

The model d e s c r i b i n g  t h e  t u r b u l e n t  v e l o c i t y  f l u c t u a t i o n s  c a n  

b e  summarized i n  po la r  c o o r d i n a t e s  i n  t h e  f o l l o w i n g  manner  

Normal V e l o c i t y  

( r2  - R2/2) y r r r  + V ( r s i n g )  + V ( r c o s g )  + V v ( r , t , g )  = V y r 0  Y ? X  Y r Z  Y 

2 ( r  2 s i n 2 g )  
y l r s  + v  ( r  c o s 2 g )  + v y l r c  

In -P lane  Veloc i t ies  

where f r o m  F i g u r e  1.1, z = rcos$ a n d  x = r s i n g .  

V ) y , o r  vx,o' f Y I T S  
Each of t h e  t u r b u l e n c e  t e r m s  (V 

g i v e n  by a n  e q u a t i o n  o f  t h e  f o r m  

J + a ~  = bw d - 
d t  ivy, Y ? *  

( 1 . 2 8 )  

( 1 . 2 9 )  

is  

( 1 . 3 0 )  

1 
1 
I 
1 
4 
1 
I 
I 
I 
I 
I 
I 
1 
I 
I 
1 
I 
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where  a and b are  d e f i n e d  by 

(1.31) 

f o r  u n i f o r m  terms 

b = { (V:/RL) b, fo r  shear terms (1.32) 

for  q u a d r a t i c  t e r m s  

w h e r e  a* a n d  b* a r e  g i v e n  by t h e  r e g r e s s i o n  Eqs. (1.24) or  (1.26) 

and  depend o n  t h e  r a t i o  R/L. The w h i t e  noise t e r m  w f o r  each of 

t h e  t w e l v e  t u r b u l e n c e  terms is a n  i n d e p e n d e n t  n o i s e  s o u r c e  w i t h  

PSD = 9 . 
and  b i n  Eqs. (1.30) is g i v e n  a s  t h e  s u b r o u t i n e  ATMOS i n  

Appendix C. 

2 
A c o m p u t e r  program which  c a l c u l a t e s  t h e  v a l u e s  o f  a 
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Table 1.1. Relative Approximation Error for Series 
Approximation. 

€0 €1 €2 

.01 

,054 

.1 

.3 

05 

1.0 

2.0 

.044 

.135 

.201 

.397 

.527 

.724 

.889 

.026 

.081 

.121 

.250 

.348 

-527 

a737 

.020 

.060 

.091 

.189 

.264 

.4 11 

.608 
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Table 1.2. Description of Turbulence Input Terms. 
~~ 

Component Description 

uniform lateral or side, component (in plane) vx,o 
uniform longitudinal component along mean wind vY rO 

uniform vertical component (in plane) vz #O 

lateral gradient of longitudinal velocity vY ,X 

vertical gradient of longitudinal velocity v Y f z  

Y Z X  

ZX 

€ Z X  

swirl about mean wind axis (in plane) 

shear strain rates (in plane) 

dilation (in plane) 

symmetric quadratic variation "Yfrr 
quadratic with COS~J, azmuthial variation vY frc 
quadratic with sin2$ azmuthial variation y 

v 



Table 1.3. R e g r e s s i o n  Parameters f o r  Uniform T u r b u l e n c e  Terms. 

kl k2 k3 k4 

a* 2.0 2.894 -.1383 2.049 

b* 2.0 3.290 +.0270 2.054 

8 
8 

1.0 1.713 

1'2.0 2.713 

-.0790 

+.01591 

2.048 

2.051 
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Table  1.4. Regress ion  Parameters for Shear  and Q u a d r a t i c  
Turbulence Terms. 

kl k2 k3 k4 

Vyrz 'Y?X 

yzx 

vzx  € Z X  

- 
E ZX 

'y ?rr 

'y ?rc & 'yrrs 

.3266 

2811 

.4343 

.2579 

.5342 

.1167 

1.654 

-3546 

1.091 

-5508 

1.081 

-3897 

1.0 

.25 

1.0 

.25 

1.0 

.25 

1.0 

.25 

1.0 

.25 

1.0 

.25 

.5953 

.6450 

.9170 

.6467 

1.276 

.7733 

1.069 

-3951 

.0276 

-6473 

.0279 

-4567 

- .1142 
-.1500 

- .1532 
-.lo93 

-2.147 

-.1284 

+2.154 

+.2593 

+.0686 

-.1365 

+.0685 

'-.0948 
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r’igure 1.1. Rotor disk coordinate system. 
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F i g u r e  1 . 2 .  Streamlines for in-plane v e l o c i t y  
gradient terms. 
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CHAPTER 2. NUMERICAL SIMULATION 

2.1 Introduction 

The objective of this chapter is to outline the development 

for the digital simulation of the turbulence velocity terms. It 

consists of two parts. First, generation of uniformly distri- 

buted random numbers using the multiplicative congruential method 

to approximate a white-noise time series. Second, generation of 

the turbulence velocity tenns by filtering the white-noise time 

series to obtain the required shape of the  spectral density to 

produce the appropriate statistics for velocity fluctuaticns. 

2.2 Generation of Unifo- :ly Distributed Random Numbers 

There are a number of techniques for generating random vari- 

ables by digital computers for simulation pur2oses. Most of 

these are reproducible and therefore the same sequence of numbers 

will be generated over and over again given the same starting 

input. It may be argued that such repeatable random numbers are, 

in the true statistical sense, deterministic, and not random. 

Since the digital computer consists of a finite, though large, 

number of states, the use of an algorithm for the generation of 

random variables a l s o  implies that eventually the computer must 

return to a state that had existed at the time of some previous 

implementation of the algorithm which starts the repetition 

cycle. However, as long as several conditions are met random 

numbers generated by an algorithm on digital computers can be 

used f o r  simulation problems. Numbers that are generated by 

26 
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means of a stored algorithm are accordingly referred to as pseu- 

dorandem. 

Four criteria are usually employed to evaluate the suita- 

bility of random number generation method: 

1. length of the sequence of the generated random vari- 

ates I 

2. uniformity of amplitude-density spectrum, 

3. small degree of autocotrelation, and 

4. speed of computer execution. 

The first criterion simply means that the period of repeti- 

tion should be much larger than the intended simulation period. 

The second implies that a uniform probability density is to be 

obtained and the degree of the true uniformity is to be a measure 

of quality. The third condition, if met perfectly, would mean 

that zero correlation would result, corresponding to true white 

noise. This is never the case and a reasonably small degree of 

correlation (and consequent deviation of the power-spectral den- 

sity from a flat spectrum of white-noise) should be considered 

allowable. 

However, the b e s t  criterion is the applicability of the 

method used to the problem at hand. 

factory for  some applications are found unsuitable when applied 

Methods that are very satis- 

to others. With these considerations in mind, the method to be 

suggested here is the one known either as the multiplicative 

congruential technique,- or as the power residue method. It 

selects as the kth pseudorandom number the remainder of the 



d i v i s i o n  o f  t h e  p r o d u c t  of a c o n s t a n t  i n t e g e r  c,  a n d  t h e  ( k - 1 I s t  

pseudorandom number by some s e c o n d  c o n s t a n t  m. D e n o t i n g  X k  t h e  

k t h  v a r i a t e  so g e n e r a t e d ,  t h e  o p e r a t i o n  is described mathemat-  

i c a l l y  a s  f o l l o w s :  

(mod m )  k-1 x = c x  k ( 2 . 1 )  

w h e r e  t h e  r e l a t i o n  " x  (mod m ) "  d e n o t e s  t h e  se lec t ion  of t h e  re- 

m a i n d e r  f rom t h e  d i v i s i o n  o f  x by m. T h i s  t e c h n i q u e  is i d e a l l y  

s u i t e d  f o r  i m p l e m e n t a t i o n  o n  a d i g i t a l  compute r .  

I n  p r a c t i c e  i t  is recommended t h a t  t h e  s t a r t i n g  seed v a l u e ,  

xo, b e  some odd number l e s s  t h a n  m. For a b i n a r y  c o m p u t e r ,  one 

selects m = 2 where  b is t h e  number o f  b i t s  p e r  word.  The v a l u e  

of t h e  c o n s t a n t  c s h o u l d  b e  o f  t h e  order m a n d  i n  t h e  f o r m  

b 

c = 8 k f 3  f o r  a n y  i n t e g e r  k 3 0 

T h u s  p r o v i d i n g  a maximum p e r i o d  of 2 ( b - 2 )  pseudorandom numbers, 

each be tween  zero a n d  2 b  (1,2). 

by m g i v e s  t h e  numbers be tween  z e r o  and  o n e .  T h i s  scheme is  u s e d  

i n  s u b r o u t i n e  RANDOM o f  Appendix C t o  g e n e r a t e  a s e q u e n c e  of 

u n i f o r m l y  d i s t r i b u t e d  random numbers ,  s t a r t i n g  w i t h  a n  a r b i t r a r y  

selected seed v a l u e .  

D i v i d i n g  t h e  g e n e r a t e d  v a r i a t e s  

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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2.3 C o n s t r u c t i o n  of a White-Noise T i m e  Series 

By d e f i n i t i o n  a set of u n i f o r m l y  d i s t r i b u t e d  random numbers  

w i t h  a r a n g e  o f  0 t o  m w i l l  have a p r o b a b i l i t y  d e n s i t y  f u n c t i o n  

g i v e n  by 

= f ( x )  = p r o b a b i l i t y  
d e n s i t y  f u n c t i o n  - 

O t x < m  
(2.2) 

otherwise 

The mean v a l u e  and v a r i a n c e  of t h e  random v a r i a t e s  may be com- 

p u t e d  from i ts  p r o b a b i l i t y  d e n s i t y  f u n c t i o n ,  Eq. (2.21, a s  

f o l l o w s  

2 m 
=E 

A random t i m e  se r ies  c a n  be c o n s t r u c t e d  u s i n g  t h i s  se t  o f  

u n i f o r m l y  d i s t r i b u t e d  random numbers. F i r s t ,  s u b t r a c t  t h e  mean 

v a l u e  from each o f  t h e  v a r i a t e s  t o  o b t a i n  a z e r o  mean process, 
m m w i t h  a l l  v a l u e s  be tween  - and 3 . C o n s t r u c t  t h e  t i m e  ser ies ,  

x ( t ) ,  by assuming t h a t  e a c h  of t h e  v a r i a t e s ,  x i  o c c u r s  a t  i n t e r -  

v a l s  A t  a p a r t ,  and  t h a t  t h e  v a l u e  o f  x ( t )  is a c o n s t a n t  f o r  t h e  

p e r i o d  A t .  T h i s  p r o d u c e s  a random t i m e  series x ( t ) ,  which is a 

p i e c e w i s e  c o n t i n u o u s  f u n c t i o n  o f  t i m e  as  i l l u s t r a t e d  i n  F i g u r e  

2.1. If e a c h  number g e n e r a t e d ,  x i ,  is s t a t i s t i c a l l y  i n d e p e n d e n t  

a n d  t h e r e f o r e  u n c o r r e l a t e d  w i t h  o ther  numbers  i n  t h e  s e q u e n c e ,  

t h e n  t h e  a u t o c o r r e l a t i o n  f u n c t i o n  o f  x ( t )  c a n  be d e t e r m i n e d  a s  
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T h i s  a u t o c o r r e l a t i o n  f u n c t i o n  is p l o t t e d  i n  F i g u r e  2.2. I n e v i -  

t a b l e  i m p e r f e c t i o n s  i n  t h e  w h i t e - n o i s e  p r o p e r t i e s  o f  t h e  random 

number g e n e r a t i o n  p r o c e s s  a re  e v i d e n t  by t h e  p r e s e n c e  of some 

d e g r e e s  o f  c o r r e l a t i o n  f o r  1.1 < A t .  

The c o r r e s p o n d i n g  p o w e r - s p e c t r a l  d e n s i t y  o f  x ( t )  may be 

o b t a i n e d  u s i n g  t h e  a b o v e  a u t o c o r r e l a t i o n  f u n c t i o n  a s  

which  is a l s o  p lo t t ed  i n  F i g u r e  2.2. I f  t h e  i n t e r v a l ,  A t  is  

s u f f i c i e n t l y  s m a l l  ( i . e . ,  w A t  << l ) ,  r e l a t i o n s h i p  (2.5) becomes 

a p p r o x i m a t e l y  
2 

1 ( w b t )  
2 m A t  

S x ( w )  = 12 [l  - 1 2  (2.6) 

Note t h a t  if A t  is selected small  e n o u g h ,  w i t h  r e s p e c t  t o  t h e  

r a n g e  of f r e q u e n c i e s  i n v o l v e d  i n  t h e  s i m u l a t i o n  p r o b l e m ,  i t  may 

be c o n s i d e r e d  t h a t  t h e  process t a k e s  place o n  t h e  f l a t  p a r t  of 

t h e  s p e c t r a l  c u r v e  n e a r  w = 0 ( 3 ) .  Fo r  t h i s  s i t u a t i o n  t h e  s i g n a l  

is a p p r o x i m a t e l y  w h i t e - n o i s e  w i t h  a c o n s t a n t  spec t r a l  d e n s i t y  o f  - 
m' A t  S X ( U )  = - 
. 1 2  
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2 . 4  F i l t e r  Model 

I t  was shod:: i n  Chapter 1 t h a t  each of t h e  t w e l v e  t i l r b i i l e n c e  

terms i n  t h e  t u r b u l e n c e  model can  be a p p r o x i m a t e d  by a n  u n c o r r e -  

l a t e d  s t a t i o n a r y  random process. 

t i o n  o f  t h e  fo rm 

Each t e r m  was g i v e n  by a n  equa-  

where  u = i n s t a n t a n e o u s  v a l u e  o f  o n e  o f  t h e  t u r b u l e n c e  

y , o '  vx,o' . *  V y , r s  terms, V 

w = n o n d i m e n s i o n a l  zero mean w h i t e - n o i s e  w i t h  power 
2 

spec t r a l  d e n s i t y  S, = 9 
2 v W  

u = t u r b u l e n t  v e l o c i t y  component  v a r i a n c e  

L = t u r b u l e n c e  i n t e g r a l  scale 

Vw = mean wind s p e e d  

R = rotor d i s k  r a d i u s .  

a and b are g i v e n  by E q s .  (1.31) and  ( 1 . 3 2 ) .  The des i red  power 

s p e c t r a l  d e n s i t y  o f  t h e  t u r b u l e n c e  v e l o c i t y  t e r m  is 

where G(s) is t h e  t r a n s f e r  f u n c t i o n  b e t w e e n  t h e . i n p u t  w h i t e -  

n o i s e ,  w and  o u t p u t  t u r b u l e n c e  v e l o c i t y  s p e c i f i e d  by Eq. ( 2 . 8 ) .  

To  g e n e r a t e  a t u r b u l e n c e  v e l o c i t y  t e r m  d i g i t a l l y  l e t  u s  

c o n s i d e r  samples of  t h e  w h i t e - n o i s e  f o r c i n g  f u n c t i o n  a t  d i s c r e t e  

t imes t o ,  t l ,  ... 8 t k .  Fo l lowing  t h e  p r o c e d u r e  o u t l i n e d  i n  ( 4 1 ,  

t h e  s o l u t i o n  t o  E q .  ( 2 . 8 )  a t  t i m e  t k + l  may be  w r i t t e n  a s  
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and in an abbreviated form 

(2.10) 

@k is the state transition matrix for the step tk to tk+l' - 
and wk is the driven response at tk+l due to the presence of the 

white-noise input during the (tk, tk+l ) interval. Note that the 

white-noise input required in the continuous model automatically 

assures that w 
the discrete model (4). 

will be an uncorrelated white-noise sequence in k 

F r o m  Eq. ( 2 . 8 )  the transition matrix is easily determined as 

(2.11) -aAt 0, = e 

The variance of Gk is established by using the convolution inte- 
gral as 

At At 
u2 - = = I g(u)g(v)Rf(u-v) dudv 
W 0 0  

(2.12) 

where g [ * l  = unit impulse response 

(2.13) -at g(t) 4 'L1 [G(s)l = be 

and Rf[*l = autocorrelation function of the input white-noise. 

The autocorrelation function of the input white-noise can be 

established as 
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where Sw is  t h e  power s p e c t r a l  d e n s i t y  of t h e  i n p u t .  S u b s t i t u t -  

i n g  Eqs. ( 2 . 1 3 )  and ( 2 . 1 4 )  in E q .  ( 2 . 1 2 )  and c a r r y i n g  o u t  t h e  

i n t e g r a t i o n ,  t h e  v a r i a n c e  of wk becomes 

a- = E [ w  1 - e  -2aAt) = -  -2 
2a 

W 
( 2 . 1 5 )  

I f  t h e  g e n e r a t e d  random s i g n a l  x ( t )  w i t h  zero mean a n d  v a r i a n c e  
2 2 - m  u x  - - 12 is  u s e d  t o  a p p r o x i m a t e  w ( k )  a t  t h e  t i m e  i n t e r v a l s  t l ,  t2 ,  

... t k l  a n d  i f  

t h e n  t h e  mean square of both sides is 

2 2 2  
u X  

u- = c 
W 

2 S u b s t i t u t e  for ux 2 m  = 12 a n d  s o l v i n g  f o r  c g i v e s  

2 
-2aAt 1/2 6b Sw 

c = {  2 (1 - e 11 
a m  

(2 .16 )  

( 2 . 1 7 )  

S u b s t i t u t i n g  E q .  ( 2 . 1 7 )  i n  Eq.  ( 2 . 1 6 )  a n d  u s i n g  t h e  r e s u l t  and  

Eq. ( 2 . 1 1 )  i n  E q .  (2.101, g i v e s  t h e  t u r b u l e n c e  v e l o c i t y  t e r m  a t  

t k + l  as 

LI 
L 

-2aAt)11/2 'k 
6b S, 

am 
(1 - e -aAt 

" k + {  2 = e  k + l  U ( 2 . 1 8 )  
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I f  t h e  range of t h e  random numbers ,  m, i s  1 t h e n  E q .  ( 2 . 1 8 )  

c a n  b e  w r i t t e n  as 

6b2Sw -2aAt 1 /2  
U k + l  = e  ' k + {  a 1 k (1 - e -aAt ( 2 . 1 9 )  

E v a l u a t i n g  t h e  v a r i a n c e  of t h e  g e n e r i c  t u r b u l e n c e  term f r o m  Eq. 

( 2 . 9 )  g i v e s  

bLSw 
= -  2 

5 3  2a 

T a k i n g  t h e  mean squa re  of b o t h  s i d e s  of Eq. ( 2 . 1 9 )  g i v e s  a n  iden -  

t i c a l  r e s u l t .  
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At - 

F i g u r e  2.1. T i m e  series c o n s t r u c t e d  from a s e q u e n c e  
of u n i f o r m l y  d i s t r i b u t e d  random numbers. 
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Figure 2 . 2 .  (a)  Autocorrelation function and, 

(b) Spectral density function for 
the constructed t i m e  series. 
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CHAPTER 3. DIGITAL COMPUTER IMPLEMENTATION 

3.1 I n t r o d u c t i o n  

. I n  t h i s  chapter  t h e  compute r  c o d e  f o r  d i g i t a l  s i m u l a t i o n  o f  

t u r b u l e n c e  v e l o c i t y  components  is d i s c u s s e d .  The program i s  

w r i t t e n  i n  F o r t r a n  V o n  t h e  CDC Cyber  170/720 series. I t  is 

d e s i g n e d  i n  a b l o c k - s t r u c t u r e d  form so t h e  v a r i o u s  t a s k s  per- 

formed w i t h i n  t h e  program are  e s s e n t i a l l y  s e p a r a t e  r o u t i n e s  and  

are  l i n k e d  t o g e t h e r  by a n  e x e c u t i v e  main program. I t  is r u n  

i n t e r a c t i v e l y  b u t  c a n  be  r u n  i n  a ba tch  mode w i t h  some p r i o r  

p r e p a r a t i o n  of r e s p o n s e  da t a .  

3.2 I n p u t  Da ta  

A l ist  of  t h e  i n p u t  v a r i a b l e s  is  g i v e n  i n  T a b l e  3.1. The  

u s e r  h a s  t h e  o p p o r t u n i t y  t o  change  a n y  o f  t h e  i n p u t  v a r i a b l e s  

l i s t e d  i n  T a b l e  3.1 a t  e x e c u t i o n  t i m e .  When a r u n  is comple t ed  

t h e  program a l l o w s  t h e  u s e r  t o  e i t h e r  e n d  e x e c u t i o n  w i t h  t h e  

c u r r e n t  d a t a  se t ,  r e c y c l e  t h e  c u r r e n t  da ta  f i l e  w i t h  d i f f e r e n t  

v a l u e s  f o r  t h e  i n p u t  v a r i a b l e s ,  or employ a new d a t a  f i l e .  

3.3 Computer Algor i thm f o r  T u r b u l e n c e  S i m u l a t i o n  

I t  w a s  shown i n  C h a p t e r  1, Eqs. ( 1 . 2 8 )  and  ( 1 . 2 9 ) ,  t h a t  

t u r b u l e n c e  v e l o c i t y  components  c a n  be g i v e n  i n  polar  c o o r d i n a t e s  

i n  t h e  f o l l o w i n g  form: 
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N o r m a l  V e l o c i t y  

2 
+ 'yors (r s i n 2 g )  

I n - P l a n e  Velocities 

( 1 . 2 8 )  

- 
v X ( r , g , t )  = vxl0 + ( r Z x  - zx ) rcosg + ( c z x  - c z x )  r s i n e  

( 1 . 2 9 )  

) is g i v e n  by where  e a c h  t u r b u l e n c e  t e r m  (Vy,o, VxI0, 

a n  e q u a t i o n  o f  t h e  fo rm 
V y , r s  

] + a V  = bw d 
dt LVy,* Y I *  

w i t h  a a n d  b g i v e n  by Eqs. (1 .31)  or ( 1 . 3 2 ) .  . -  

The s i m u l a t i o n  r o u t i n e  SIMULX g e n e r a t e s  t h e  a p p r o p r i a t e  a 

a n d  b c o e f f i c i e n t s  b a s e d  on  t h e  g i v e n  i n p u t  d a t a  a n d  t h e  c u r v e  

f i t t i n g  c o n t a i n e d  i n  s u b r o u t i n e  ATMOS. The p r o c e d u r e  f o r  o b t a i n -  

i n g  these c o e f f i c i e n t s  is d e s c r i b e d  i n  S e c t i o n  1, a n d  t h e  r e g r e s -  

s i o n  method is d e s c r i b e d  i n  Appendix A. Next ,  t h e  s u b r o u t i n e  

TURBS a c t u a l l y  s i m u l a t e s  t h e  v e l o c i t y  f l u c t u a t i o n s  by f i r s t  c a l l -  

i n g  RANDOM t o  g e n e r a t e  a whi te  noise t i m e  s i g n a l  as  d i s c u s s e d  i n  

39 



S e c t i o n  2.3.  T h i s  s i g n a l  is  t h e n  f i l t e r e d  u s i n g  Eq. ( 2 . 1 6 )  t o  

o b t a i n  t h e  t w e l v e  t u r b u l e n c e  p a r a m e t e r s  o f  T a b l e  1 . 2 ,  V x , o ,  vY ,o* 

V z I 0 ,  V y , k ,  e t c .  

e t e r s  are t h e n  s u b s t i t u t e d  i n t o  Eqs. ( 1 . 2 8 )  and  ( 1 . 2 9 )  t o  o b t a i n  

t h e  r e s u l t i n g  v e l o c i t y  f l u c t u a t i o n s ,  vx ,  v y ,  a n d  v z ,  a t  a n y  

d e s i r e d  r a d i a l  s t a t i o n  f o r  t h e  c u r r e n t  t i m e .  A s  t h e  p r o c e d u r e  

marches f o r w a r d  i n  t i m e ,  t h e  b l a d e  moves t o  a new a z i m u t h  a n g l e  

and  s u b r o u t i n e  TURBS is  c a l l e d  a g a i n  t o  repea t  t h e  p r o c e d u r e .  A 

flow c h a r t  of t h i s  process is shown i n  F i g u r e  3.1 f o r  t h e  execu-  

t i v e  program SIMULX, and  F i g u r e  3.2 shows t h e  f l o w  cha r t  for  sub-  

r o u t i n e  TURBS. 

The  v a l u e s  of these twelve t u r b u l e n c e  param- 

T h e  number o f  p o i n t s  a l o n g  t h e  b l ade  a t  wh ich  t u r b u l e n c e  

v e l o c i t y  is e v a l u a t e d  is g i v e n  a s  t h e  p a r a m e t e r ,  NPTS, i n  t h e  

p r o g r a m  S I M U L X ,  a n d  c a n  be e a s i l y  changed .  The  t u r b u l e n c e  v e l o c -  

i t y  components  t h e n  are computed a t  e q u a l l y  s p a c e d  p o i n t s  a l o n g  

t h e  b lade  from a n  i n i t i a l  r a d i u s  t o  a f i n a l  r a d i u s  wh ich  t h e  u s e r  

specifies.  For t h e  r e s u l t s  p r e s e n t e d  h e r e ,  o n l y  o n e  r a d i a l  posi-  

t i o n  a t  t h e  t i p  was c o n s i d e r e d  (NPTS = 1) .  A s  much a s  poss ib le ,  

t h e  code h a s  b e e n  w r i t t e n  t o  c o n t a i n  i ts own d o c u m e n t a t i o n  

t h r o u g h  e x t e n s i v e  u s e  o f  comments w i t h i n  t h e  program.  

A p p e n d i c e s  C t h r o u g h  F i n c l u d e  a complete p rogram l i s t i n g ,  a 

sample i n p u t  da t a  f i l e ,  a p r o c e d u r a l  e x a m p l e  o f  t h e  i n t e r a c t i v e  

f e a t u r e s ,  and t h e  r e s u l t s  o f  t h e  s a m p l e  r u n  as  o b s e r v e d  from t h e  

t i p  o f  a Mod-OA wind t u r b i n e  blade.  
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3.4 Tool Kit for Signal Analysis 

Analysis of random s igna l s  requires some basic mathemztical 

tools. There are two general methods of describing random sig- 

nals mathematically. The first, and more basic, is a probabil- 

istic description in which the random quantity is characterized 

by a probability model. However, it tells very little about how 

the random signal varies with time, or how the amplitude varies 

as a function of frequency. 

For this work dealing with atmospheric turbulence it is 

helpful to use some of the typical statistical measures to char- 

actrize the wind signal using the mean, variance, correlation 

function, and spectral density, These measures allow the signal 

which is. being simulated to be compared with various theoretical 

models and with experimental data. This is essential because 

when comparing wind turbine responses generated using a simulated 

wind with responses obtained from field test measurements the 

comparison must be made for the "same" atmospheric conditions. 

This means that the mean, variance, and spectral density for the 

simulated wind should match those of the real atmosphere during 

the field test period. The tools for computing these statistical 

parameters are discussed in this section. 

Subroutine MEANVAR estimates mean and variance of a time 

series. Since each of the turbulence velocity components is 

computed by low pass filtering of a uniformly distributed white 

noise time series, it i s  expected that the resulting turbulent 

velocity fluctuations will have nearly a Gaussian distribution 

41 



(1). To estimate t h e  a c t u a l  d i s t r i b u t i o n  s u b r o u t i n e  ROB con- 

s t r u c t s  a f r e q u e n c y  h i s t o g r a m  which  can be compared  w i t h  t h e  

s tandard  normal d ist  r i bu t ior: . 
S u b r o u t i n e  PSD g e n e r a t e s  s p e c t r a l  d e n s i t y  estimates of t h e  

g e n e r a t e d  v e l o c i t y  s i g n a l s .  I t  u s e s  a f a s t  F o u r i e r  t r a n s f o r m  

( F F T )  a l g o r i t h m  t o  c a l c u l a t e  discrete F o u r i e r  t r a n s f o r m s  (DFT) 

( 2 ) .  A cosine t a p e r e d  da t a  window is  u s e d  t o  smooth t h e  d a t a  a t  

each e n d  o f  t h e  record b e f o r e  i t  is  a n a l y z e d  ( w h i c h  h a s  t h e  

e f f e c t  o f  s h a r p e n i n g  t h e  s p e c t r a l  window).  I n  o r d e r  t o  improve  

t h e  a c c u r a c y  of t h e  r e s u l t s ,  t h e  s i g n a l  is b r o k e n  i n t o  a number 

o f  s e g m e n t s  and  t h e  s p e c t r a l  estimates f o r  e a c h  s e g m e n t  are  com- 

p u t e d  a n d  t h e n  a v e r a g e d  f o r  a l l  s e g m e n t s  a t  each f r e q u e n c y .  A 

more d e t a i l e d  d i s c u s s i o n  of t h e  d i g i t a l  s i g n a l  a n a l y s i s  i s  g i v e n  

i n  Appendix  8 .  

I n  order t o  o b t a i n  a c c u r a t e  estimates o f  t h e  s p e c t r a l  den- 

s i t y ,  r e l a t i v e l y  l o n g  s e q u e n c e s  o f  random v e l o c i t i e s  a r e  

needed .  The l e n g t h  o f  e a c h  of t h e  t i m e  ser ies  s e g m e n t s  i n  t h e  

code is set  by t h e  p a r a m e t e r  LSPECT, which  has b e e n  a r b i t r a r i l y  

s e t  e q u a l  t o  128 i n  a p a r a m e t e r  s t a t e m e n t .  I t  c a n  e a s i l y  be 

changed  b u t  must  a l w a y s  e q u a l  a n  i n t e g e r  power o f  2 f o r  t h e  FFT 

a l g o r i t h m  t o  work p r o p e r l y .  The u s e r  s p e c i f i e s  t h e  number of 

random v e l o c i t i e s  g e n e r a t e d  as  t h e  i n p u t  parameter, NRVELOC. The 

u s e r  c a n  c h o o s e  a n y  s i z e  u p  t o  6500 ,  t h e  d i m e n s i o n  s i z e  o f  t h e  

a r r a y .  Note t h a t  if NRVELOC is n o t  e v e n l y  d i v i s i b l e  by t h e  s e g -  

ment l e n g t h ,  LSPECT, t h e n  a n  a p p r o p r i a t e  number o f  z e r o s  w i l l  be 

added  t o  each  t i m e  series. T h i s  m i g h t  make t h e  l e n g t h  o f  t h e  
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t i m e  ser ies  e x c e e d  t h e  declared a r r a y  s i z e  f o r  t h e  v e l o c i t y  com- 

p o n e n t s .  To a v o i d  this, NRYELOC should be k e p t  smaller than the 

v e l o c i t y  t i m e  series a r r a y  s i z e  m i n u s  LSPCT, ( c u r r e n t l y  NRVELOC < 

6500 -128). Because  of larger  a r r a y  s i z e s  i t  migh t  n o t  be fea- 

s i b l e  t o  r u n  t h i s  program i n t e r a c t i v e l y  o n  some compute r s .  

Therefore, m o d i f i c a t i o n  may be r e q u i r e d  d e p e n d i n g  o n  t h e  n e e d s  

a n d  r e s o u r c e s  a v a i l a b l e  t o  t h e  u s e r .  
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T a b l e  3.1.  L i s t  o f  I n p u t  V a r i a b l e s .  

CONST 

DELTAT 

D I V I D E R  

S E E D  

NRVELOC 

OMEGA 

OMEGA2 

ROTR 

RRATIO 

TI 

TL 

VRANGE 

vW 

c o n s t a n t  c o e f f i c i e n t  i n  t h e  power r e s i d u e  a l g o r i t h m  
( s u b r o u t i n e  RANDOM) f o r  g e n e r a t i o n  o f  u n i f o r m l y  
d i s t r i b u t e d  random numbers  

t i m e  s t e p  i n t e r v a l  f o r  g e n e r a t i o n  o f  random 
v e l o c i t y  components  (sec) 

module u s e d  i n  f u n c t i o n  (mod) ( e )  i n  t h e  power 
r e s i d u e  algorithm ( s u b r o u t i n e  RANDOM) 

i n i t i a l  random n u m b e r  u s e d  i n  t h e  power r e s i d u e  
a l g o r i t h m  ( s u b r o u t i n e  RANDOM) 

number o f  elements o f  random t u r b u l e n c e  v e l o c i t y  
component  s e q u e n c e s  

rotor s p e e d  ( rpm)  

i n i t i a l  a n g u l a r  o r i e n t a t i o n  i n  t h e  ro to r  d i s k  p l a n e  
( d e g )  

rotor r a d i u s  ( f e e t )  

r a t i o  o f  r ad ia l  p o s i t i o n  t o  b l a d e  r a d i u s  

t u r b u l e n c e  i n t e n s i t y  (k i n  p e r c e n t )  

t u r b u l e n c e  i n t e g r a l  scale  ( f e e t )  
W 

number o f  s t a n d a r d  d e v i a t i o n s  d i s p l a y e d  f o r  t h e  
t u r b u l e n t  v e l o c i t y  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  
( u s u a l l y  selected t o  b e  3 )  

mean wind v e l o c i t y  (mph) 

I 
i 

45 



PROGRAM S IMU LX 

0 
INPUT 9 

Generate  Atmospheric C o e f f i c i e n t s  

CALL ATMOS 

Generate Random Velocit ies  
LOOP: 1 - NRUELOC 

Ca lcu la te  Mean and Variance 
CALL MEANVAR I 

c I 
Evaluate P r o b a b i l i t y  D e n s i t y  

CALL PROB 
* 

Calculate  S p e c t r a l  D e n s i t y  

CALL PSD 

1 Y /i N e w  Dat\ N 
1 

A 

CALL TURBS I-1 
CONTINUE 0 

Figure  3 . 1 .  F l o w  chart  of t h e  program SIMULX. 
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I 
c 
I 
I 
I 
I 
I 
I 
I 
1 
E 
1 
E 
I 
1 
I 
I 
I 
I 

SUBROUTINE TURBS 

START (7 
I 

Cons t r u c  t E' i 1 te r P a r  ame t e  r s 
Loop: 1, NWCOMP I 

\ / I 

CONTINUE n 
W 

h C o n s t r u c t  Turbu lence  V e l o c i t y  
Terms V ,o, Vx,or ... 

by t h e  Cor re spond ing  F i l t e r s  
Y 

CONTINUE J 0 LOOP: 1, NWCOMP 

Compute T u r b u l e n c e  V e l o c i t y  Components,  
x8 vyf vz8 a t  D i f f e r e n t  R a d i a l  P o s i t i o n s  

f o r  C u r r e n t  Azimuth Angle and  T i m e  I n t e r v a l  

LOOP: 1, NPTS 

RETURN 

F i g u r e  3.2. F l o w  c h a r t  of s u b r o u t i n e  TURBS 
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CHAPTER 4 .  SIMULATION RESULTS 

4 . 1  I n t r o d u c t i o n  

T h i s  c h a p t e r  p r e s e n t s  some t y p i c a l  r e s u l t s  o b t a i n e d  u s i n g  

t h e  compute r  code  t o  s i m u l a t e  t h e  t u r b u l e n c e  i n p u t s  fo r  wind  

t u r b i n e s .  S i m u l a t i o n  r e s u l t s  are p r e s e n t e d  f o r  t w o  wind  t u r b i n e  

s i z e s .  The f i r s t  t u r b u l e n c e  s i m u l a t i o n  is f o r  t h e  Mod-OA, 200 kW 

wind t u r b i n e ,  which h a s  a rotor  diameter o f  1 2 5  f t .  The  s p e c t r a l  

d e n s i t y  o f  t h e  s i m u l a t e d  t u r b u l e n c e  is  compared w i t h  f i e l d  t es t  

d a t a  t a k e n  from t h e  v e r t i c a l  p l a n e  a r r a y  e x p e r i m e n t s  o f  George 

and  C o n n e l l  (11, f o r  s i m i l a r  wind  c o n d i t i o n s .  I n  a d d i t i o n ,  t h e  

r e s u l t s  are  compared w i t h  t h e  t heo re t i ca l  Von Karman s p e c t r a  f o r  

t h e  atmospheric boundary  l a y e r .  The s e c o n d  s i m u l a t i o n  is f o r  a 

Mod-2, 300- f t  d iameter  wind t u r b i n e .  I n  t h i s  case, there is n o  

a p p r o p r i a t e  t e s t  da t a  which  c a n  be u s e d  for  c o m p a r i s o n ,  b u t  a 

c o m p a r i s o n  i s  made w i t h  t h e  Von Karman s p e c t r u m  f o r  t h e  l o n g i t u -  

d i n a l  v e l o c i t y  component .  

4.2 Comparison o f  S i m u l a t i o n s  

F i g u r e  4 . 1  shows t h e  s i m u l a t i o n  t i m e  series o f  t h e  l o n g i t u -  

d i n a l  v e l o c i t y  component ,  V as  o b s e r v e d  f r o m  t h e  t i p  of a 

r o t a t i n g  Mod-OA b l ade .  I n  t h i s  s i m u l a t i o n ,  t h e  t i p  r a d i u s  w a s  

t a k e n  as 62.5 f t  and  t h e  rotor  speed was 40 rpm. I n  a d d i t i o n ,  

t h e  parameters u s e d  for  t h e  t u r b u l e n c e  s i m u l a t i o n  where  

Vw = 26.25  f t / s ,  u/Vw = 0.10 and  t h e  t u r b u l e n c e  i n t e g r a l  scale ,  

L ,  was 400  f t .  I n  F i g u r e  4 .1 ,  t h e  mean wind  s p e e d  h a s  b e e n  

removed. F i g u r e  4 . 2  p r e s e n t s  t h e  spectral  d e n s i t y  f o r  t h e  t i m e  

Y '  
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ser ies  shown i n  F i g u r e  4 . 1 .  T h e  s i m u l a t e d  s p e c t r u m  c l e a r l y  shows 

t h e  s p i k e s  a t  1 a n d  2 c y c l e s  p e r  rotor r e v o l u t i o n  t h a t  are t h e  

r e s u l t  o f  r o t a t i o n  o f  t h e  b l a d e  t h r o u g h  t h e  wind  t u r b u l e n c e  

f i e l d .  However, t h e  s i m u l a t i o n  r e s u l t s  show n o  s p i k e s  h i g h e r  

t h a n  2 c y c l e s  p e r  r e v o l u t i o n  b e c a u s e  t h e  model  o n l y  a l l o w e d  f o r  

v e l o c i t y  f l u c t u a t i o n  harmonics u p  t o  s i n 2 Y  and  cos2Y a s  i n d i c a t e d  

by E q .  ( 1 . 2 8 ) .  The d a t a  t a k e n  f r o m  t h e  v e r t i c a l  p l a n e  a r r a y  is  

p l o t t e d  showing  harmonics  up t o  3 c y c l e s  per rotor r e v o l u t i o n ,  

b u t  h i g h e r  h a r m o n i c s  a re  p r e s e n t  i n  t h e  o r i g i n a l  p r e s e n t a t i o n  by 

George  a n d  C o n n e l l  (1). The s i m u l a t i o n  r e s u l t s  show c o n s i d e r a b l y  

g r e a t e r  s p e c t r a l  e n e r g y  i n  t h e  f r e q u e n c y  r a n g e  o f  .1 t o  . 3  h z  

t h a n  t h e  VPA r e s u l t s .  T h i s  is p r o b a b l y  b e c a u s e  t h e  a* a n  b* 

c o e f f i c i e n t s  u s e d  t o  g e n e r a t e  t h e  s i m u l a t i o n  were selected so 

t h a t  t h e  Von Karman s p e c t r u m  would be a p p r o x i m a t e d  i n  t h e  l o w  

f r e q u e n c y  r a n g e .  As is shown i n  t h e  f i g u r e ,  t h e  c o m p a r i s o n  w i t h  

t h e  Von Karman s p e c t r u m  i n  t h i s  f r e q u e n c y  r a n g e  is q u i t e  good.  

I t  wou ld  b e  p o s s i b l e  t o  more c l o s e l y  a p p r o x i m a t e  t h e  v e r t i c a l  

p l a n e  a r r a y  da ta  by a d j u s t i n g  t h e  a* a n d  b* c o e f f i c i e n t s  f o r  t h e  

V t e r m  of E q .  ( 1 . 2 8 ) .  I n  a d d i t i o n ,  i t  would  be p o s s i b l e  t o  

add a d d i t i o n a l  h a r m o n i c s  t o  t h e  m o d e l  i n  o r d e r  t o  o b t a i n  t h e  3 

a n d  4 c y c l e s  p e r  r e v o l u t i o n  s p e c t r a l  s p i k e s ,  b u t  t h a t  would i n -  

v o l v e  a s i g n i f i c a n t  e f f o r t .  It  is hoped  t h a t  some e x p e r i e n c e  

w i t h  t h e  i m p l e m e n t a t i o n  o f  t h e  e x i s t i n g  model i n  a d y n a m i c s  code 

c o u l d  be o b t a i n e d ,  b e f o r e  a t t e m p t i n g  t o  improve  t h e  s i r n u l a t i o n ,  

a n d  a c c o u n t  f o r  these  a d d i t i o n a l  e f f e c t s .  

Y to 
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F i g u r e  4.3 shows t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  fo r  t h e  

t i m e  series of t h e  Vy t u r b u l e n t  v e l o c i t y  f l u c t u a t i o n s .  As c a n  b e  

s e e n  f rom t h e  f i g u r e ,  t h e  s i m u l a t e d  v e l o c i t y  f l u c t u a t i o n s  c l o s e l y  

a p p r o x i m a t e  a G a u s s i a n  d i s t r i b u t i o n .  

F i g u r e  4.4 is  a s p e c t r a l  d e n s i t y  p l o t  f o r  t h e  v e r t i c a l  

v e l o c i t y  component ,  V,, a s  p r o v i d e d  by t h e  s i m u l a t i o n .  The Von 

Karman s p e c t r u m  f o r  t h i s  t u r b u l e n c e  component  is  a l s o  p r o v i d e d  

f o r  compar i son .  The s i m u l a t i o n  is f o r  t h e  case where  t h e  t u r b u -  

l e n c e  is o b s e r v e d  f r o m  t h e  t i p  o f  a r o t a t i n g  Mod-OA b l a d e .  

Whereas t h e  Von Karman s p e c t r u m  p l o t t e d  is f o r  a p o i n t  f i x e d  i n  

s p a c e .  T h e  s i m u l a t e d  s p e c t r u m  shows a s i n g l e  s p i k e  a t  a f r e q u e n -  

cy  of 1 c y c l e  pe r  ro tor  r e v o l u t i o n .  T h e o r e t i c a l l y  there s h o u l d  

b e  many o f  t h e s e  s p i k e s  each a t  a m u l t i p l e  of t h e  rotor  blade 

p a s s a g e  f r e q u e n c y .  However, t h e  s i m p l i f i e d  s i m u l a t i o n  model, 

Eq. ( 1 . 2 9 ) ,  f o r  t h e  i n - p l a n e  v e l o c i t y  componen t s  i n c l u d e s  o n l y  

t h e  f i r s t  harmonic .  N o  f i e l d  da t a  is a v a i l a b l e  f o r  c o m p a r i s o n  o f  

t h e  i n - p l a n e  v e l o c i t y  components .  The  s i m u l a t i o n  s p e c t r u m  f o r  

t h e  l a t e r a l  v e l o c i t y  component was v i r t u a l l y  i d e n t i c a l  t o  t h e  

r e s u l t s  f o r  t h e  v e r t i c a l  component a n d  t h e r e f o r e  h a s  n o t  b e e n  

p r e s e n t e d .  F i g u r e  4.5  shows t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  

t h e  t i m e  series o f  t h e  V, v e l o c i t y  f l u c t u a t i o n s , .  a n d  t h e  f i g u r e  

shows t h e  d i s t r i b u t i o n  t o  b e  a p p r o x i m a t e l y  G a u s s i a n .  

F i g u r e  4.6 is  t h e  spec t ra l  d e n s i t y  p l o t  o f  t h e  l o n g t i d i n u a l  

f o r  a s i m u l a t i o n  r u n  f o r  a Mod-2 s i z e d  vY , v e l o c i t y  component ,  

t u r b i n e .  I n  t h i s  s i m u l a t i o n ,  t h e  mean wind  s p e e d  was 

Vw = 32 .15  f t / s ,  u/VW = .061 and t h e  t u r b u l e n c e  i n t e g r a l  sca le  



was t a k e n  a s  500 f t .  The  v e l o c i t y  f i e l d  w a s  s i m u l a t e d  a t  t w o  

r a d i a l  l o c a t i o n s  a l o n g  t h e  rotor b l a d e .  One was a t  30% s p a n  a n d  

t h e  other  was f o r  t h e  7 0 %  span l o c a t i o n .  T h i s  i l l u s t r a t e s  o n e  o f  

t h e  c o n v e n i e n t  f e a t u r e s  o f  t h i s  t u r b u l e n c e  model. A t  e a c h  t i m e  

s t e p ,  t h e  v e l o c i t y  f l u c t u a t i o n s  a t  a l l  r a d i a l  l o c a t i o n s  are 

o b t a i n e d  s i m u l t a n e o u s l y ,  a s  can be s e e n  by t h e  f o r m  o f  

Eq. ( 1 . 2 8 ) .  F i g u r e  4 . 6  i n c l u d e s  t h e  Von Karman s p e c t r u m  f o r  

compar i son .  F i g u r e  4 . 7  shows a p r o b a b i l i t y  d e n s i t y  p l o t  f o r  t h e  

v e l o c i t y  f l u c t u a t i o n s  a t  70% span. U n f o r t u n a t e l y ,  t h e r e  is no  

appropr ia te  t e s t  d a t a  w i t h  which t o  compare  t h e s e  s i m u l a t i o n  

r e s u l t s  a t h e  Mod-2 s i z e d  t u r b i n e .  

4.3  C o n c l u d i n g  R e m a r k s  

The  a u t h o r s  o f f e r  t h e  f o l l o w i n g  c o n c l u s i o n s  a n d  r e m a r k s  o n  

t h e  b a s i s  o f  t h e  work  p r e s e n t e d  i n  t h i s  report:  

1. The r e s u l t s  p r e s e n t e d  h e r e  show t h a t  t h e  t u r b u -  

l e n c e  s i m u l a t i o n  model d o e s  a r e a s o n a b l e  job o f  

r e p r e s e n t i n g  many of t h e  f e a t u r e s  o f  atmospheric 

t u r b u l e n c e .  

2. The t u r b u l e n c e  s i m u l a t i o n  model p r e s e n t e d  here 

d o e s  n o t  model t h e  spectral  s p i k e s  i n  t h e  wind 

i n p u t  a b o v e  2 c y c l e s  p e r  rotor  r e v o l u t i o n .  I f  

t h e s e  spec t ra l  spikes a t  h i g h e r  h a r m o n i c s  t u r n  o u t  

t o  be i m p o r t a n t  fo r  c y c l i c  load p r e d i c t i o n  t h e n  

t h i s  model w i l - 1  be  incomple t e .  I t  s h o u l d  be n o t e d  

t h a t  t h i s  model  d o e s  c o n t a i n  some spec t r a l  e n e r g y  



a t  t h e  h i g h e r  harmonics  of rotor speed:  i t  is  t h e  

e f f e c t  of r o t a t i n g  th rough  t h e  t u r b u l e n c e  s t r u c -  

t u r e  t h a t  is m i s s i n g  a t  t h e  h i g h e r  f r e q u e n c i e s .  

3. The g r e a t  a d v a n t a g e  of t h i s  model is its s i m p l e  

s t r u c t u r e  a n d  f a s t  computa t ion  speed .  T h i s  sirnu- 

l a t i o n  model w i l l  no t  s i g n i f i c a n t l y  i n c r e a s e  t h e  

c o m p l e x i t y  o f  a wind t u r b i n e  dynamic model. 
\ 

The a u t h o r s  hope t h a t  i n  t h e  near f u t u r e ,  t h i s  model w i l l  be u s e d  

t o  g e n e r a t e  i n p u t s  fo r  a s t r u c t u r a l  dynamic model, so t h a t  i t s  

u s e f u l n e s s  i n  p r e d i c t i n g  c y c l i c  l o a d s  c a n  b e  assessed. A b i l i t y  

t o  p r e d i c t  c y c l i c  loads r e a s o n a b l y  w e l l  f o r  a s m a l l  c o m p u t a t i o n a l  

cost  is t h e  u l t i m a t e  g o a l ,  and t h i s  s i m u l a t i o n  a p p r o a c h  seems t o  

o f f e r  p romise  o f  a c h i e v i n g  t h a t  g o a l .  
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4 . 4  R e  f e r e n c e  

1 .  George, R . L .  and C o n n e l l ,  J . R . ,  R o t a t i o n a l l y  Sampled Wind 

C h a r a c t e r i s t i c s  and C o r r e l a t i o n s  w i t h  MOD-OA Wind Turbine  

Response,  P a c i f i c  Northwest Laboratory Report PNL-5238, 

September 198 4 . 
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APPENDIX A .  LINEAR LEAST-SQUARES REGRESSION (1) 

F o r  t h e  g e n e r a l  r e g r e s s i o n  p rob lem,  t h e  form o f  t h e  r e l a t i o n  

where:  x = i n d e p e n d e n t  v a r i a b l e  

a = v e c t o r  o f  p a r a m e t e r s  

y = d e p e n d e n t  v a r i a b l e  

is known and  it is d e s i r e d  t o  d e t e r m i n e  t h e  v e c t o r  o f  p a r a m e t e r s ,  

a ,  when s e v e r a l  d a t a  p o i n t s  ( x i ,  y i )  are g i v e n .  I n  t h e  case when 

t h e  p a r a m e t e r s  a p p e a r  l i n e a r l y ,  i .e . ,  

y = a l f l ( x )  + a 2 f 2 ( x )  + ... + a n f n ( x )  

t h e  d a t a  p a r a m e t e r s  form a se t  of l i n e a r  e q u a - i o n s  g i v e n  by 

n 
i = l,...,m 

When t h e r e  a re  more d a t a  p o i n t s  t h a n  unknown p a r a m e t e r s  

( i . e . ,  m > n )  t h e  e q u a t i o n s  a r e  o v e r d e t e r m i n e d  and it is u n l i k e l y  

t h a t  a l l  e q u a t i o n s  c a n  b e  s a t i s f i e d  e x a c t l y .  When m < n t h e  

e q u a t i o n s  are  u n d e r d e t e r m i n e d  and many d i f f e r e n t  sets o f  param- 

e t e r  v a l u e s  c a n  be found which f i t  t h e  d a t a  e x a c t l y .  To d e t e r -  

mine  a r e a s o n a b l e  s o l u t i o n  t o  t h e  p rob lem,  t h e  p a r a m e t e r s  c a n  b e  

c h o s e n  t o  m i n i m i z e  t h e  sum of t h e  squares o f  t h e  r e s i d u a l s ,  i .e . ,  

Mina 1 ( y i  - f ( x i , a ) )  2 

i=l 
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I t  c a n  be  shown ( 2 ) ,  i n  t h e  case when t h e  da ta  are g i v e n  

e x a c t l y  by 

= F(x ,a* )  + e i  Y i  

where a+ a re  t h e  t r u e  p a r a m e t e r s  and ei are m u t u a l l y  i n d e p e n d e n t  

random errors which are n o r m a l l y  d i s t r i b u t e d  w i t h  z e r o  mean, t h a t  

t h e  l e a s t - s q u a r e s  s o l u t i o n  is e q u i v a l e n t  t o  c h o o s i n g  t h e  most 

p r o b a b l e  v a l u e s  of a ,  g i v e n  t h e  d a t a  (assuming no p r i o r  knowledge 

of a ) .  I n  c a s e s  when there are more p a r a m e t e r s  t h a n  d a t a  ( i . e . ,  

m < n )  it is  r e a s o n a b l e  to  set  t h e  l a s t  n-m p a r a m e t e r s  t o  z e r o  

t h e n  t o  d e t e r m i n e  t h e  r e m a i n i n g  m p a r a m e t e r s  which  f i t  t h e  da t a  

e x a c t l y .  

I n  o r d e r  t o  f i n d  t h e  l eas t  s q u a r e s  s o l u t i o n ,  i t  is conven- 

i e n t  t o  p u t  t h e  problem i n  m a t r i x  form 

y - F a = e  

where 

Y 1  

Y =  0 

e = r e s i d u a l  v e c t o r  ( d i m e n s i o n  m )  



The necessary conditions for the minimum are easily found by 

differentiating to be 

2(SlT e = o 

or using Eq. ( A . 6 )  and the definition of F 

T 2(-F) (y-Fa) = 0 

or, finally 

(FTF)a = F T y 

The solution is unique when the matrix FTF is nonsingular, 

Instead of solving Eq. ( A . 8 )  directly for 

Golub ( 3 )  suggested using t h e  Householder ( 4 )  decomposition of 

the matrix F, i . e . ,  

F = QR (A.10) 

where Q is orthogonal and R has all elements below the diagonal 

equal to zero. Thus, Eq. (A.8) can be rewritten as 

or since 0 is orthogonal (i.e., 0-I = QT) 

T T  (RTR)a = R Q y 
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for the case when m > n, R is of the form 

U 

0 
R =  ... 

where U is upper triangular, and the coefficient matrix for a 

becomes 

T T R R = U U  

Now, let the right hand side be partitioned so that 

=1 

= 2  

QTy = . . a  

Since U and F have the same rank = n, Eq. (A.14) becomes 

(A.13) 

(A.14) 

U a  = z1 (A.15) 

The solution to Eq. (A.15) involves only a simple back substitu- 

tion since U is triangular. 

This procedure has been implemented in a standard library 

subroutine supplied by the IMSL (5) and is utilized to compute 

the regression parameters in the turbulence model. 
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APPENDIX B . DIGITAL SPECTRAL A N A L Y S I S  

The power s p e c t r a l  d e n s i t y  o f  a s t a t i o n a r y  random p r o c e s s  

x ( t )  is d e f i n e d  a s  

where RX(T) is t h e  a u t o c o r r e l a t i o n  f u n c t i o n  of x ( t )  g i v e n  by 

I f  t h e  random p r o c e s s  x ( t )  is s a m p l e d  a t  i n t e r v a l s  A ( c o n s t a n t )  

t h e n  t h e  d iscrete  v a l u e  o f  x ( t )  a t  t i m e  t = r A  is w r i t t e n  xr a n d  

t h e  s e q u e n c e  { x r } ,  r = 0 ,  1, 2, ..., is ca l led  a d i s c r e t e  t i m e  

series. The o b j e c t i v e  of t i m e  series a n a l y s i s  is t o  d e t e r m i n e  

t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  o f  t h e  o r i g i n a l  f u n c t i o n  x ( t )  by 

m a n i p u l a t i n g  t h e  d i s c r e t e  t i m e  ser ies  {xr} .  

t h e  f r e q u e n c y  c o m p o s i t i o r i  o f  x ( t ) .  F o r  t h i s ,  t h e  power  s p e c t r a l  

d e n s i t y  o f  x ( t )  is estimated by a n a l y z i n g  t h e  d i s c r e t e  t i m e  

ser ies  o b t a i n e d  by s a m p l i n g  a f i n i t e  s e g m e n t  o f  x ( t )  . Discrete 

F o u r i e r  t r a n s f o r m  ( D F T )  o f  a t i m e  series { x r } ,  r = 0 ,  1, 2,  ..., 
( N - 1 )  is d e f i n e d  a s  f o l l o w s :  

The ma in  i n t e r e s t  i s  

a n d  t h e  i n v e r s e  d i s c r e t e  F o u r i e r  t r an ' s fo rm (IDFT) is g i v e n  by 

r = 0, 1, 2,  ..., ( N - 1 )  ( 8 . 4 )  



8 
J 

I 
I 
I 

8 
I 
I 
I 

n 
I 

where t h e  r a n g e  o f  t h e  F o u r i e r  components  xk i s  l i m i t e d  t o  k = 0 
t o  ( N - 1 )  c o r r e s p o n d i n g  t o  ha rmon ics  o f  f r e q u e n c y  Wk - - - 2 r k  = - 2rk 

T N A  
where  T = N A  is t h e  f i n i t e  segment  of t h e  s a m p l i n g  f u n c t i o n  x ( t )  

a n d  A is t h e  s a m p l i n g  i n t e r v a l .  

I t  c a n  be shown (1) t h a t  t h e  s p e c t r u m  o f  x ( t )  c a n  

mated by 5 ( u k )  a s  f o l l o w s  

where s k  i s  t h e  DFT of t h e  discrete a u t o c o r r e l a t i o n  Rr 

t w o  random processes x ( t )  a n d  y ( t )  and  t h e i r  c o r r e s p o n t  

s;.%pled tine series c,y 1 and { y r )  is given by --r 

. N - 1  
I 

Rr = - 2: XsYs+r s=o 

be es t i -  

w h i c h  f o r  

i n g  

S u b s t i t u t i n g  f o r  xr a n d  y, f rom (8 .4 )  it  is  p o s s i b l e  t o  demon- 

s t ra te  t h a t  s k  c a n  be  o b t a i n e d  a s  

= x* x 'xxk k k  

= x* Y k k  S 
XY k 

= Y* x Y X k  k k  S 

= Y* Y YYk k k  S 

w h e r e  t h e  complex  c o n j u g a t e  of X a n d  Y are  d e n o t e d  a t  Xf a n d  Y*. 

The f a s t  F o u r i e r  t r a n s f o r m  s u b r o u t i n e  l i s t e d  i n  R e f e r e n c e  

(1) is  u s e d  t o  e v a l u a t e  t h e  DFT's o f  t h e  t i m e  series.  The  FFT 

works  by p a r t i t i o n i n g  t h e  f u l l  s e q u e n c e  Exr} i n t o  a number of 
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s h o r t e r  s e q u e n c e s .  I n s t e a d  o f  c a l c u l a t i n g  DFT o f  t h e  o r i g i n a l  

s e q u e n c e ,  o n l y  t h e  DFT's o f  t h e  s h o r t e r  s e q u e n c e s  a re  computed  

and  t h e n  a v e r a g e d  t o  y i e l d  t h e  f u l l  DFT o f  {x r} .  

t a p e r  f u n c t i o n  is used  t o  smooth  t h e  d a t a  a t  e a c h  e n d  of t h e  d a t a  

r e c o r d  b e f o r e  c a r r y i n g  o u t  t h e  DFT t o  improve  t h e  s h a p e  of t h e  

r e s u l t i n g  s p e c t r a l  d e n s i t y  (2,3). 

A c o s i n e  d a t a  
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APPENDIX C. COMPUTER CODE LISTING 

Listing of the program SIMULX. 
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PROCRAM SIMULX (INPUT,OUTPUT) 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

PROGRAM SIMULX GENERATES THE WIND TURBULANCE AT POINTS ALONG THE 
BLADE IN THE ROTOR DISK AND FINDS THE FREQUENCY SPECTRUM OF EACH 
VELOCITY COMPONENT. A UNIFORRMLY DISTRIBUTED RANDOM NUMBER IS 
GENERATED TO SIMULATE WHITE NOISE. EACH TURBULENCE VELOCITY TERM 
MODELED AS A STATIONARY RANDOM PROCESS GIVEN BY AN EQUATION OF 
THE FORM 

D(U) / D T + A * U = B * W  

WHERE W : NON-DIMENSIONAL ZERO MEAN WHITE NOISE WITH POWER 
SPECTRAL DENSITY SU. 

A; : ATMOSPHERIC PARAMETER CONSTANTS. 
B 

SOLUTION TO THIS EQUATION FOR A DISCRETE TIME WHITE NOISE CAN BE 
WRITTEN AS 

U(K+l) = PHI(K,K+l) * U(K) + W(K) 

WHERE U(K); : SOLUTIONS AT TIMES T(K); T(K+l) 

'TO T(K+l) 

PRESENCE OF WHITE NOISE INPUT DURING TIME 
T(K), T(K+l) INTERVAL. NOTE THAT W(K) IS 
A WHITE NOISE RANDOM SEQUENCE. 

SUBROUTINE ATmlS GENERATES THE ATMOSPHERIC CONSTATNTS PARAMETERS 
A'S AND B'S. SUBROTINE RANDOM GENERATES A SEQUENCE OF UNIFORMLY 
DISTRIBUTED RANDOM NUMBERS WHILE ROUTINE MEANVAR CALCULATES MEAN 
AND VARIANCE OF TIME SERIES. 
SUBROUTINE PSD IS USED TO GENERATE THE SPECTRUM OF THE GENERATED 
SIGNALS. STANDARD PLOT OF RANDOM VELOCITY VS TIME IS OBTAINED 

PLOT FOR SPECRUM VS FREQUENCY. 

U(K+l) 
PHI(K),K+l) : TRANSITION FUNCTION FROM TIME T(K) 

W(K) : DRIVEN RESPONSE AT T(K+l) DUE TO THE 

USING SUBROUTINE PLTSTND. SUBROUTINE PLTLOC PROVIDES LOC-LOG 

NOTE: IF THE NUMBER OF GENERATED RANDOM VELOCITY 
COMPONENTS, NRVELOC, IS NOT EVENLY DIVISIBLE BY 
LENGTH OF THE SPECTRUM, LSPECT, T" NRVELOC 
MUST BE SMALLER THAN THE DECLARED SIZE OF RANDOM 
VELOCITY COMPONENT ARRAYS AT MOST BY LSPECT SO 
AFTER PADDING THE TIME SERIES IT IS NOT OVER SIZED. 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 



C CONST : 
C 
C 
C DIVIDER : 
C SEED : 
C 
c NUCOW : 
C 
c NRVELOC : 
C 
C NPTS : 
C 
C NBINS : 
C 
C PROBDIS : 
C 
C 
C VRANCE : 
C 
C 

C C 
C LIST OF ARCUEMENTS: C 

(SUBROUTINE R A N D O M )  FOR GENERATION OF UNIFORMLY C 
CONSTAT" COEFFICIENT IN THE POWER RESIDUE ALGORITHM C 

m 

e 

DISTRIBUTED R A N D O M  NUMBERS C 
MODULE USED IN FUNCTION MOD(.) IN SUBROUTINE RANDOM C 
INITIAL RANDOM NUMBER USED IN THE POWER RESIDUE C 
ALGORITHM, SUBROUTINE RANDOM C 
NUMBER OF TURBULENT VELOCITY TERMS IN THE ATMOSPHERIC C 
MODEL C 
NUMBER OF ELEMENTS OF RANDOM TURBULENT VELOCITY C 
COMPONENTS SEQUENCE C 
NUMBER OF POINTS ALONG THE BLADE AT WHICH TURBULENT C 
VELOCITY IS EVALUATED C 
NUMBER OF SUBINTERVALS ON THE POSITIVE VELOCITY C 
AXIS FOR DETERMINING PROBABILITY DISTRIBUTION C 
ARRAY OF SIZE (2"BINS) WHICH CONTAINS PROBABILITY C 
DISTRIBUTION OF THE TURBULENT VELOCITY COMPONENTS C 
IN EACH SUBINTERVAL(B1N) C 
MAXIMUM VALUE OF TURBULENT VELOCITY AS AN INTEGER C 

C MULTIPLE OF ITS VARIANCE, SUBROUTINE PROB 

Q1 

8 
I 

I 
c; 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

INTEGER NWCOMP,NPTS,LSPECT,LP2,NRVELOC 
INTEGER NBINS,NLABEL,CONST 
PARAMETER (LSPECT= 128, LP2=7 ) 
PARAMETER (NUCOMP=12,NPTS=l ,NLABEL=l ,NBINS=16) 
REAL R,ROTR,OMECA,OMECAZ,DELTAT,DIVIDER,VRANCE 
REAL VX(6500) ,VY(6500) ,VZ(6500) ,Y(6500) ,X(200) 
REAL PROBDIS(2*NBINS) 
REAL XX(NPTS) ,YY(NPTS) ,ZZ(NPTS) 
REAL A(NWC0MP) ,B(NUCOMP) ,CC(NWCOMP) ,DD(NUCOMP) 
REAL PSY(LSPECT/2+1) ,F(LSPECT/2+1) ,SOUT(LSPECT/2+1) 
COWLEX ZY (LSPECT) 
DOUBLE PRECISION SEED 
CHARACTER '7 FILEIN, FILEOUT, LABEL(NLABEL)*40 

COMMON /TURBINE/ OMECA,OMECAZ,ROTR 
COMMON /WIND/ TL,TI,SU,VW 
COMMON /ATMOS/ A,B 
COMMON /RAND/ CONST, SEED, DIVIDER 
NA13ELIST /INDATA/ CONST,DELTAT,DIVIDER,SEED,NRVELOC,OMEGA, 

CHARACTER *2 ANSlT ANS"1 

a OMECAZ,ROTR,RRATIO,TI,TL,VRANGE,VW 

.... CONVERSION FACTORS .... 
PI = ACOS(-l.) 
CDECRAD = PI/180. 
CRPMRPS = 2.*PI/60. 



CMPHFPS = 5280./3600. 

* .... INTEaACT€VE : SELECT INPUT AND OUTPUT FILES, 
OPEN FILES, READ DATA FILE. USE NAMELIST. 

881 PRINT *, ' ' 
PRINT *, 'ENTER NAME OF THE N E W  DATA FILE ' 
READ '(A)', FILEIN 
OPEN (S,FILE=FILEIN) 
PRINT *, ' ' 
PRINT *, 'ENTER THE NAME OF OUTPUT FILE ' 
READ '(A)', FILEOUT 
OPEN (6,FILE=FILEOUT) * .... INPUT .... 

.... READ THE PLOT LABELS .... 
DO 100 I=l,NLABEL 

READ (5,'(A)') LABEL(1) 
10 0  CONTINUE 

rnAD !e;,TNDATA_! 
REWIND (5) 
CLOSE (5) 

* .... PRINT ECHO OF INPUT DATA .... * 
1 PRINT *, I ' 

PRINT 5, ' CONST = I ,  CONST 

PRINT 7, 'DIVIDER = I, DIVIDER 
PRINT 7, 'SEED = , SEED 
PRINT 5, 'NRVELOC = I, NRVELOC 

. PRINT 6, 'DELTAT =I, DELTAT , '(SEC) 1 

PRINT 6, 'OMEGA =I, OMEGA , '(RPM) I 

PRINT 6, 'OMEGAZ = , OMEGAZ , ' (DEC) I 

PRINT 6, 'ROTR =I, ROTR , '(FEET) 
PRINT 6, 'RRATIO = I ,  RRATIO 
PRINT 6, 'TI =I, TI , '(PERCENT) 
PRINT 6, 'TL =', TL , '(FEET) ' 
PRINT 6, 'VRANCE =I, VRANCE 
PRINT 6, 'VW =', vu , '(MILJWHR)' 

5 FORMAT (lX,A15,18) 
6 FORMAT (lX,A15,F12.3,T35,A15) 
7 FORXAT (lX,A15,E20.13) * .... INTERACTIVE: CHANGE DATA VALUES & REPEAT ECHO CHECK OR CONTINUE .. 

PRINT *, ' 
PRINT *, 'DO YOU-WANT TO CHANGE ANY VALUES ? ENTER(Y OR N)' 
READ '(A)', ANS 
IF (ANS .EQ. ' Y r )  THEN 

PRINT *, ' 
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PRINT *, 'TO CHANGE VALUES, LEAVE COLUMN 1 BLANK AND TYPE' 
PRINT *, 'SINDATA FOLLOWED BY VALUE ASSIGNMENTS IN THE FORM: ' 
PRINT *, 'NAME = VALUE, 
PRINT *, 'NOTE : COLUMN 
READ INDATA 
PRIN; *, ' ' 
C O T 0 1  

ENDIF 
I) ..... UNIT CONVERSIONS : (RPM) 
* (MPH) 

OMEGA = OMEGA *CRPMRpS 
OMEGAZ = OMECAZ CDEGRAD 
vu = vw CMPHFPS 

I) 

NAME = VALUE ,..., $' 
1 MUST BE BLANK; TERMINATE WITH $ 

TO (RAD/SEC); (DEG) TO (RAD) .... 
TO (FT/SEC) 

WRITE (6,101 CONST,SEED,DIVIDER 
FORMAT(//,SX,'POUER RESIDUE METHOD WITH THE FOLLOWING PARAMETERS' 

& ,/,SX,'IS USED TO GENERATE UNIFORMLY DISTRIBUTED RANDOM ' 
& , "UMBERS', //, lox, 'CONSTANT COEFF, CONST' ,T35, ' = ' ,18, /, 1OX 
& , 'SEED' ,T35, '= I ,  1X,E15.8,/, 1OX 
& ,'MODULE DIVIDER, DIVIDER',T35,'= ',lX,E2OOl3) 

10 

0 . 0 .  .*.. GENERATE ATMOSPHERIC COEFFICIENTS .... ... . 
.... .... PRINT ATMOSPHERIC COEFFS .... 

CALL ATMOS 

WRITE (6,151 
FORMAT(//,20X, 'ACOEFF' ,12X, 'BCOEF'F" ) 15 
DO 140 I=l,NWCOMP 
WRITE (6,20) I,A(I),B(I) 
FORMAT( /,5X, I5,5X, El 3.6,5X, El 3 . 6) 20 

140 CONTINUE 
0 . 0 .  .... GENERATE RANDOM VELOCITIES ... .... 

R = RRATIO ROTR 
ANGSTEP = DELTAT * OMEGA 
IF (NPTS .EQ. 1) THEN 

BECINR = R 
FINR = R 

ELSE 
NSEGZNPTS-1 
PRINT *, 'NO. OF SEGEMENTS ALONG THE BLADE, NSEG= ',NSEC 
PRINT *, 'NO. OF POINTS ALONG THE BLADE WHERE VELOCITY ' 
PRINT *, 'COMEONENTS ARE CALCULATED, NPTS= ' ,NPTS 
PRINT *, 'ENTER THE BEGINNING AND FINAL RADIUS ALONG THE ' 
PRINT *, 'BLADE, BEGINR, AND FINR.' 
READ *, BEGINR,FINR 



ENDIF 
DO 200 J=l,NRVELOC 

PSI=J*ANGSTEP+OMEGAZ 

CALL TURBS (XX , YY , ZZ ,DELTAT, BEGINR ,FINR , NF'TS , PSI ) 
VX(J)= XX(1) 
VY(J)= YY(1) 
VZ(J)= ZZ(1) 

* .... 
.... 

200 CONTINUE .... CALCULATE MEAN AND VARIANCE OF THE TIME SERIES .... 
CALL MEANVAR (VXMEAN,VXVAR,VX,NRVELOC) 
CALL MEANVAR (VYMEAN , VYVAR, VY , NRVELOC 1 
CALL MEANVAR (VZMEAN,VZVAR,VZ,NRVELOC) * 0 0 . .  .... 
WRITE (6,251 NRVELOC,DELTAT,R,OMEGA,OMEGAZ,VW,TL,TI,SW 

a ,VXMEAN,VXVAR,VYMEAN,VYVAR,VZMEAN,VZVAR 

& , T&, : = 
a ,'VELOCITY, DELTAT',T65,'= ',E12.5,/,lOX,'RADIAL DISTANCE ' 
a ,'TO SELECTED POINT ALONG THE ROTOR, R',T65,'= ',E12.5,/ 
a 

a 
a , (FEET/SEC) I ,/,lox, 'TURBULENCE INTEGRAL SCALE, TLI ,T44 
a , I= I ,E12.5,T64,'(FEET)' ,/,lox, 'TURBULENCE INTENSITY, I 

a ,'TI',T44,'= 1,E12.5,T64,t(PERCENT)'t/,10X,'SPECTRUM OF THE ' 
& ,'INPUT WHITE NOISE, SW =',T65,'= ',E12.5,5X,'(SEC)',/,lOX 
& ,'MEAN VALUE OF VX =I  ,E14.7,4X,'VARIANCE OF VX = I  ,E14.7,/,10X 
& ,'MEAN VALUE OF VY zt,E14.7,4X,'VARIANCE OF VY =',E14.7,/,10X 
& ,'MEAN VALUE OF VZ =',E14.7,4X,'VARIANCE OF VZ =',E14.7) 

25 FORMAT(//, lox, "UMBER OF RANDOM VELOCITIES GENERATED, NRVELOC' 
: ,is,,,, jox, ;e--- -- iim s ~ a F  TG CENiRATE THE RAN-ijH 

, lox, 'ROTOR SPEED, OMGA' ,T44, I=  

, ' (RAD) I ,  /, IOX, 'WIND VELOCITY, VW' ,TU, ' = ' ,E12.5 ,T64 
,E12.5,T64, ' (RAD/SEC)' ,/ 

a ,lOX,'INITIAL ROTATION, OMEGA-ZERO',T44,'= ',E12.5,T64 

DO 220 J=l,NRVELOC 
VX ( J ) =VX ( J ) -VXMEAN 
VY (J) =VY (J)-VYMEAN 
VZ (J ) =VZ( J ) -VZMEAN 

220 CONTINUE 

PRINT *, 'TO GET LIST OF GENERATED RANDOM VELOCITIES VX, VY, VZ 
PRINT *, 'ENTER ( Y  OR N)' 
READ '(A)', ANS 
IF (ANS .EQ. I Y ' )  THEN 

PRINT *, 'ENTER THE NO. OF RANDOM VELOCITIES TO PRINT ' 
PRINT *, 'UP TO NRVELOC=' ,NRVELOC 
READ *, N O W  
WRITE (6,27 ) NOW, DELTAT 
DO 225 J=l,NOUT 

.... 

0 0 . 0  

WRITE (6,29) J ,VX( J) ,VY( J) ,VZ( J) 
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225 CONTINUE 
ENDIF 

27 FORMAT (//,lOX,"UMBER OF RANDOM NUMBERS TO PRINT,NOUT=',I6,/, 
a 10X,'TIME STEP TO GENERATE THE R A N D O M  VELOCITIES ' 
a , 'VX, VY, VZ, DELTAT=' ,E10.3,/,T28 
a ,'VX',T48,'VYt,T68,'VZt,' (MEANS ARE SUBTRACTED)') 

29 FORMAT (lOX,I4,T20,E14.7,T4O,E14.7,T60,E14.7) B 
I 

.... .... PLOT RANDOM VELOCITY TIME SERIES VS TIME .... 
PRINT *, 'TO USE SUBROUTINE PLTSTND TO PLOT THE GENERATED RANDOM ' 
PRINT *, 'VELOCITY VS TIME , ENTER (Y OR N) ' 
READ '(A)', ANS 

882 IF (ANS .EQ. 'Y' ) THEN 

230 

232 

234 

e... 

.... 

PRINT *, 'SELECT THE RANDOM VELOCITY TIME SERIES. ENTER ' 
PRINT *, ' VX OR VY OR VZ. 
READ '(A)', ANSl 
PRINT *, 'ENTER THE LENGTH OF RANDOH VELOCITY TIME SERIES ' 
PRINT *, ',LVPLT FOR PLOTTING UP TO NRVELOC =',NRVELOC 
READ *, LVPLT 
IF ( ANSl .EQ. 'VX' ) THEN 

DO 230 I=l,LVPLT 
Y ( I 1 =vx ( I 1 

CONTINUE 

DO 232 I=l,LVPLT 

CONTINUE 

DO 234 I=l,LVPLT 

CONTINUE 

ELSEIF ( ANSl .EQ. IVY' ) THEN 

Y (I )=VY (I ) 

ELSEIF ( ANSl .EQ. 'VZ' ) THEN 

Y( I )=VZ( I) 

ENDIF 

CALL PLTSTND (Y,LVPLT,DELTAT,ANSl) 

PRINT 
PRINT 
PRINT *, 'DO YOU WANT TO PLOT ANY OTHER RANDOM VELOCITY ' 
PRINT *, 'TIME SERIES ? ENTER (Y OR N)' 
READ '(A)', ANS 
GO TO 882 

8 
t 
I 
I 
I 
I 
I 
a 
a ENDIF .... EVALUATE PROBABILITY DISRIBUTION OF RANDOM VELOCITY .... 

PRINT *, 'DO YOU WANT TO EVALUATE PROBABILITY DISTRIBUTIONS OF' 
PRINT *, 'THE GENERATED RANDOM VELOCITIES ? 
READ '(A)', ANS 
IF (ANS .EQ. 'Y') THEN 

DO 250 KPROB = 1,3 
1 
1 

ENTER (Y OR N)' 

IF (KPROB .EQ. 1) THEN 
DO 240 I=l,NRVELOC 

Y( I)=VX(I) 
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240 

242 

244 

0 0 . 0 .  

245 
4 .... 
.... 

246 

a 

CONTINUE 
VARIANC=VXVAR 
ANSl = 'VX' 

DO 242 1=1 ,NRVELOC 

CONTINUE 
VARIANC=VYVAR 
ANSl = 'VY' 

ELSEIF (KPROB .EQ. 3 ) THEN 
DO 244 I=l,NRVELOC 

CONTINUE 
VARIANC=VZVAR 
ANSl = 'VZ' 

ELSEIF (KPROB .EQ. 2) THEN 

Y(I)=VY(I) 

Y ( I ) =vz ( I ) 

END IF 
GENERATE UNITY VARIANCE RANDOM VELOCITY TIME SERIES .... 
DO 245 I=l,NRVELOC 

CONTINUE 
Y ( I ) =Y ( I ) /SQRT( VARIANC ) 

CALL PROB (Y,NRVELOC,NBINS,VRANCE,PROBDIS) 

NBX2=2*NBINS 
NBXWl=NBX2-1 
DELTAV=VRANCE/( NBINS- 1 ) 
DO 246 I=l,NBXWl 

CONTINUE 
WRITE (6,30) ANSl ,HRVELOC,ANSl 
DO 248 I=l,NBX2 

X( I)=-VRANCE+( 1-1 )*DELTAV 

IF (I .EQ. 1) THEN 

ELSEIF (I .W. NBX2) THEN 
WRITE (6,321 X( I), PROBDIS( I) 

IMl=I-1 
WRITE (6,341 X(IMl),PROBDIS(I) 

ELSE 
In1 =I- 1 
PROBDEN = PROBDIS( I )/DELTAV 
XAVE = (X(I)+X(IMl))/2. 

WRITE (6,36) X(IMl),X(I),PROBDIS(I),XAVE,PROBDEN 
STNDEN = EXP( -0.5*XAVE+*2)/SQRT(2.*PI) 

, STNDEN 
ENDIF 

CONTINUE 
CONTINUE 

248 
250 

30 FORMAT (//,lOX,'PROBABILITY DISTRIBUTION OF RANDOM VELOCITY ' 
ENDIF 

a ,'TIME SERIESt,A4,' OF LENGTH = ',15,//,10X 

a ,'PROBABILITY DENS1TYt,5X,'STANDARD NORMALt,/,lOX 
a ,'PROBABILITY OF VARIATESt,15X,'MID-INTERVAL',5X 
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& 
& ,'ORDINATES',/) 

, 'IN THE INTERVAL' ,T66, 'ORDINATES OF ' ,A4,T93 
32 FORMAT (lOX,'LCSS THAN ',3X,'(',F6.2,') =',E11.4) 
34 FORMA; (lOX,'C 2ATER THAN ','(',F6.2,') =',E11.4) 
36 FORMAT (15X,'(',F6.2,' ,',F6.2,') = I  ,E11e4,T52,F6.2 

& * ...e * .... GENERATE FREQUENCY SPECTUM OF THE GENERATED RANDOM VELOCITY .... 
e... 

, T68, E 12.6, T90, El 2 . 6) 

PRINT. *, 'DO YOU WANT TO GENERATE THE FREQUENCY SPECTRUM OF 
PRINT *, 'THE TIME SERIES ? ENTER ( Y  OR N)' 
READ '(A)', ANS 

' 

884 IF (ANS .EQ. ' Y ' )  THEN 
PRINT *, 'INPUT ONE TIME SERIES TO GENERATE SPECTRUM. ' 

252 

254 

256 

4 l  .... * .... 
...e * e... .... .... * e... 

e... * e... * ..e. 

300 

PRINT *; 'ENTER VX OR VY OR VZ ' 
READ '(A)', ANSl 
IF ( ANSl .EQ. 'VX' ) THEN 

DO 252 I=l,NRVELOC 

CONTINUE 

DO 254 I=l,NRVELOC 

CONTINUE 

20 256 I=l,NRVELOC 

CONTINUE 

Y ( I ) =vx ( I ) 
ELSEIF ( ANSl .EQ. 'VY' ) THEN 

Y (I )=VY (I ) 

ELSEIF ( ANSl .EQ. 'VZ' THEN 

Y(  I )=VZ(I 1 

END IF 

LENGTH OF THE TIME SERIES HAS TO BE EVENLY DIVISIBLE 
BY L, LENGTH OF EACH SUBSECMENT. 
DEOS NOT MEET PAD BOTH TIME SERIES WITH ZEROES AT 
RIGHT END. 
NOTE: IF THE NUMBER OF GENERATED RANDOM VELOCITY 

COMPONENTS, NRVELOC, IS NOT EVENLY DIVISIBLE BY 
LENGTH OF THE SPECTRUM, LSPECT, THEN NRVELOC 
HUST BE SMALLER THAN THE DECLARED SIZE OF RANDOM 
VELOCITY COMP0"l' ARRAYS AT MOST BY LSPECT. 

IF THIS CONDITION 

LD2=LSPECf/2 
LD2Pl=LD2+1 
NSEG=INT(NRVELOC/LSPECT) 
RNSEG=REAL(NRVELoC)/REAL(LSPECT) 

IF(D1FF .NE. 0 . 0 )  THEN 
LTS=(NSEG+l)*LSPECT 
IPAD=NRVELOC+l 

Y(J)=O.O 

D?'--: RNSEG-NSEG 

DO 300 J=IPAD,LTS 

CONTINUE 
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* .... 
.... 
.... .... 

325 .... 
.e.. 

340 .... 

345 

40 
42 
44 

e... 

.e.. 

e... 

370 .... 

ENDIF 

CALL PSD ( Y , LTS , LSPECT, LP2, DELTAT , PSY , ZY 
FORM THE FREQUENCY VECTOR .... 
DO 325 I=l,LD2P1 

II=I-l 
F(I)=I~/(LSPECT*DELTAT) 

CONTINUE 

..e. 

PRINT POWER SPECTRUM .... 
WRITE (6,401 ANSl 
DO 340 I=l,LD2P1 

WRITE (6,421 F(I),PSY(I) 
CONTINUE 
PRINT SUM OF THE POWER SPECTRA 
suMY=o . 0 
DO 345 K= 1 ,LD2P1 

SUMY=SUMY+PSY(K) 
flhWVltT"W7 
w n A  anus 

WRITE (6,441 ANSl , SUMY 
FORMAT( // ,5X, 'FREQUENCY ' ,T20, POWER SPECTRUM' , / , T24, A4 
FoRMAT(4X,F10.4,T20,E14.7) 
FORMAT(//,lOX,'SUM OF THE PSD OF(',A4,' )S=',E14.7) 

ELIMINATE ZERO FREQUENCY FOR LOG-LOG PLOTTING 

DO 370 1=2,LD2Pl 

F( J)=F( I ) 
J=I-1 

CONTINUE 

...e PLOT LOG-LOG SPECRTAL DENSITY OF RANDOM VELOCITY 

...e 

380 
...e .... 
..e. 

.... 

...e 

VS FREQUENCY .... 
PRINT *, 'TO USE PLTLOG TO PLOT THE SPECTRUM ENTER ( Y  OR N) ' 
READ ' ( A I t ,  ANS 
IF (ANS .EQ. IY') THEN 

GENERATE SPECTRUM VECTORS .e.. 

DO 380 1=2,LD2Pl 
J=I-1 

CONTINUE 
SOW ( J ) =PSY ( I ) 

PLOT POWER SPECTRUM .... 
CALL PLTLOC (SOW ,F , LD2, LABEL, ANSl ) 
PRINT * 

ENDIF 

PRINT *, 'DO YOU WANT SPECTRUM FOR OTHER TIME SERIES? 
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PRINT *, 'ENTER ( Y  OR N)' 
READ '(A)', ANS 
Go TO 884 

ENDIF 

PRINT *, 'DO YOU WANT TO PROCESS ANOTHER DATA FILE ? 
PRINT *, 'ENTER ( Y  OR N)' 
READ ' ( A ) ' ,  ANS 
IF (ANS .EQ. ' Y ' )  CO TO 881 
STOP 
END 

' 
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SUBROUTINE TURBS (XX,YY,ZZ,DELTAT,BEGINR,FINR,NPTS,PSI) 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
C C 
C SUBROUTINE TURBS CONSTRUTS TURBULENCE VELOCITY COMPONENTS C 
C ALONG THE BLADE FOR EACH AZIMUTH ANGLE AT EACH TIME STEP. C 
C THE "MBER OF POINTS ALONG THE BLADE AT WHICH TURBULENCE C 
C VELOCITY IS EVALUATED IS GIVEN AS A PARAMETER , NPTS IN C 
C PROGRAM SIMULX, AND CAN EASILY BE CHANGED. THE TURBULENCE C 
C VELOCITY COMPONENTS ARE COMPUTED AT EQUALLY DISTANCED C 
C POINTS ALONG THE BLADE FROM AN INITIAL RADIUS TO A FINAL C 
C RADIUS WHICH USER CAN DETERMINE. C 
C IN THE PRESENT ANALYSISONLY ONE RADIAL POSITION AT THE C 
C TIP WAS CONSIDERED (NPTS = 1 ) . C 
C C 
C C 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

INTEGER CONST, NPTS , NWCOMP 
REAL BEGINR,FINR,DELTAT,PSI,DIVIDER 
PARAMETER ( NWCOMP=12 ) 
REAL XX(NPTS) ,YY(NPTS) ,ZZ(NPTS) ,U(NWCOMP) ,W(NWCOMP) 
REAL A (NWCOMP ) , B ( NWCOMP 1, CC ( NWCOMP ) , DD (NWCOMP ) 
DOUBLE PRECISION SEED 
COMMON /TURBINE/ OMEGA ,OMEGA2 , ROTR 
COMMON /WIND/ TL,TI,SW,VW 
COMMON /ATMOS/ A,B 
COMMON /RAND/ CONST, SEED, DIVIDER 
SAVE W 
DATA W /NWCOMP O.O/ 

Do 10 I=l,NWCOMP 
* .... GENERATE COEFFICIENTS FOR FILTERS ..... 

AT=DELTAPA ( I ) 
CC ( I ) =EXP ( -AT) 
DD( I ) =B( I )*SQRT( (6 .*SW/A ( I ) )* ( 1 . -EXP ( -2 *AT) ) ) 

10 CONTINUE .... GENERATE NWCOMP RANDOM NUMBERS ..... 
0 0 . 0  

.... * .... GENERATE WIND VELOCITY COMPONENTS .... 
CALL RANDOM (U,NWCOMP) 

Do 20 I=l,NWCOMP 
U( I )=U( I )-0 -5 
W ( I ) =CC( I )*W( I )+DD( I)*U( I ) 

20 CONTINUE 
IF (NPTS .EQ. 1) T" 

RSTEP=O.O 
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ELSE 

ENDIF 
R=BECINR 
PSIX2=2*PSI 
ROT-= ROTR*ROTR 
DO 30 I=l,NPTS 

RSQ=R*R 

RSTEP= (FINR-BECR) / (NPTS- 1 ) 

R=R+( 1-1 )*RSTEP 

XX ( I ) =W ( 1 )- ( W( 6 )-W( 7) )*R*COS( PSI ) 
-(W(8)-W( 9 )  )*!?*SIN( PSI ) & 

& +W( 10)*(RSQ-ROTRSQ/2. ) 
YY ( I ) = W( 2 )+W (5)*R*COS( PSI ) +W (4 )*R*SIN( PSI 

& +W(ll)*RSQ*COS(PSIX2)+W(l2)*RSQ*SIN(PSIX2) 

& 
ZZ ( I ) =W( 3)+( W( 6 )+W (7  ) )*R*SIN( PSI 1 

+ ( W ( 8 ) +W ( 9 ) ) *R*COS ( PSI ) 
30 CONTINUE 

RETURN 
END 

I 
8 
8 
I 
I 
I 
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SUBROUTINE ATMOS 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
C C 
C SUBROUTINE ATMOS COMPUTES THE TURBULENCE MODEL PARAMETERS A, B, C 
C AND SW, WHERE A(I) A N D  B(1) A R E  THE DIAGONAL ELEMENTS FOR C 
C THE MATRICES IN THE WIND STATE EQUATION C 
C DX/DT = -A X + B W AND W IS WHITE NOISE WITH PSDSW. C 
C THE EQUATIONS WERE DETERMINED BY LEAST SQUARE REGRESSION TO C 
C DATA PRODUCED BY NUMERICAL COMPUTATION. (SEE REPORT) c 
C C 
C C 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

INTEGER NUCOMP 
PARAMETER (NWCOMP=12) 

REAL A(NWC0MP) ,B(NWCOMP) 
C O m N  /TURBINE/ OMEGA,OMEGAZ,ROTR 
COMMON /WIND/ TL,TI,SW,VW 
COMMON /ATMOS/ A,B 

E!!& ,SO?R,TT,,TIU,S!!!,VV 

.... CALCULATE THE POWER SPECTRUM FOR THE NOISE INPUT .... 
SW=TL*(TIqI)/VW/10000. 
RR=ROTR/TL 
vwSQ=vw*w 
ROTRSQ=ROTR**2 
DIMCOA= VW/TL 
DIMCOBZ=VWSQ/TL 
DIMCOB 1 =VU=/ ( ROTR- ) 
DIMCOB2=VWSQ/(ROTRSQ%) 
A( 1)= (2.-2.894*RR*( 1.-.1383*RR)/(1.+2.049*RR)) *DIMCOA 
B( 1)= (2.-3.290*RR*( 1 .+.0270*RR)/( 1 .+2.054*RR) ) *DIMCOB2 
A(2)= (1 .-1.713*RR*( 1 .-.0791*RR)/( 1 .+2.048*~~)) *DIMCOA 
B(2)= (SQRT(2. )-2.713*~~*( 1 .+.0159*RFt)/( 1 .+2.051*RR)) 

+ *DIMCOB2 
A(3)= A(1) 
N3)= B(1) 

A(5)= A(4) 
B(5)= B(4) 

A(4)= (.327/RR + .595 - .114*RR) * DIMCOA 
B(4)= (.281/RR**.25 + ,645 - .15O*RR) *DIMCOB1 

A(6)= (.434/RR + .917 - .153*RR) *DIMCOA 
B(6)= (.258/RR**.25 + .647 - .1093*RR) *DIMCOB1 
A(7)= (.5342/RR + 1.276 -.2147*RR) *DIMCOA 
B(7)= (. 1167/RR4%25 + -7733 -. 1284"RR) *DIMCOB1 
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A(8)= A(?) 
B(8)= B(7) 
A(g)= ( 1.654/RR + 1.069 + 2.154*RR) *DIMCOA 
B(g)= (.3546/RR**.25 + .3951 + .2593*RR) *DIMCOB1 
A(10)= (1.091/RR + .0276 + .0686*RR) *DIMCOA 
B( lo)= (.5508/RR**.25 + .6473 -. 1365"RR) 'DIMCOB2 
A(11)= (1.081/RR + .0279 + .0685*RR) "DIMCOA 
B( 1 1 ) ~  (.3896/RR**.25 + .4567 -.0948*RR) "DIMCOB2 
A(12)= A(11) 
B(12)= B(11) 
RETURN 
END 
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SUBROUTINE RANDOM (S,N) 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
C C 
C SUBROUTINE RANDOM GENERATES UNIFORMLY DITRIBUTED RANDOM C 
C NUMBERS BETWEEN ZERO A N D  ONE USING POWER RESIDUE METHOD. C 
C C 
C C 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

INTEGER CONST,N 
REAL DIVIDER,S(N) 
DOUBLE PRECISION SEED,INTPROD 
COMMON /RAND/ CONST, SEED, DIVIDER 
DO 10 I=l,N 

INTPROD=CONST*SEED 
IF (IhTTRCD .LT. EIVIEER) TIIEX' 

S( I ) = INTPROD 
ELSE 

ENDIF 
SEEDS ( I ) 
S(1 )=S(I)/DIVIDER 

S( I ) = INTPROD-INT( INTPROD/DIVIDER)*DIVIDER 

10 CONTINUE 
RETURN 
END 
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SUBROUTINE MEANVAR (MEAN,VAR,S,N) 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
C C 
C SUBROUTINE MEANVAR COMPUTES MEAN AND VARIANCE C 
C OF TIME SERIES. C 
C C 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

20 

30 

INTEGER N 
REAL MEAN,VAR,S(N) 
sw=o . 
DO 20 I=l,N 

SuM=SuM+S(I) 
CONTINUE 
MEAN=SUM/E'LOAT( N) 
DIFF=O. 
DO 30 I=I,N 

DIFF=DIFE'+(S(I)-MEAN)**2 
CONTINUE 
VAR=DIFF/E'LOAT(N) 
RETURN 
END 
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SUBROUTINE PROB ( VTS , LVTS, NBINS, VRANGE , PROBDIS) 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
C C 
C SUBROUTINE PROB COMPUTES PROBABILITY DISTIBUTION C 
C OF TIME SERIES. C 
C C 
C C 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

INTEGER LVTS,NBINS,BINNUM 
REAL DELTAV , VRANCE 
REAL VTS(LVTS) ,PROBDIS(2*NBINS) 
NBX2=2*NBINS 
Do 20 I=l,NBX2 

DELTAV=VRANCE/(NBINS-1) 

PROBDIS(I)=O.O 
20 m:.FpIx!JJ 

Do 30 I=l,LVTS 
IF ( VTS(1) .LT. 0.0 ) THEN 

IF ( VTS(1) .CE. -VRANCE ) THEN 
BINNUM=NBINS+INT(VTS(I)/DELTAV) 

ELSE 

ENDIF 
PROBDIS( BINNUM)=PROBDIS( BIN'NUM)+l. /LVTS 

IF ( VTS(1) .LE. VRANCE ) THEN 

ELSE 

ENDIF 
PROBDIS ( BINNUM ) =PROBDIS ( BIN'NUM ) + 1 . /LVTS 

BINNUM= 1 

ELSEIF ( VTS(1) .CE. 0.0 ) THEN 

BI"UM=NBINs+INT(VTS(I)/DELTAV)+l 

BINNUM=2*NB INS 

ENDIF 
30 CONTINUE 

RETURN 
END 
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SUBROUTINE PSD (Y ,N,L ,LP2 ,DT ,PSY ,ZY) 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

SUBROUTINE PSD USES FFT TO ESTIMATE THE FREQUENCY SPECTRUM OF 
TIME SERIES 

ARGUMENTS 
Y -INPUT VECTOR OF LENGTH N CONTAINING 

THE TIME SERIES. 
N -INPUT LENGTH OF THE TIME SERIES. 
L -LENGTH OF THE TIME SERIES IN EACH SEGMENT. 

LP2 -L=2**LP2 (L AS POWER OF TWO) 
LD2P1 -SPECTRAL COMPUTATIONS ARE AT 

DT -SAMPLING INTERVAL (SEC) 
PSY -OUTPUT VECTOR OF LENGTH LD2P1 CONTAINING 

L MUST BE A POWER OF 2. 

LD2P1= (L/2)+1 FREQUENCES. 

THE SPECTRAL ESTIMATES OF Y 
NOTE THAT THE SPECTRAL ESTIMATES ARE 

FOR I=1,2, ..., LD2P1 TAKEN AT FREQUENCES (I-l)/(L*DT) (HERTZ) 

ZY -COMPLEX WORK VECTOR OF LENGTH L 

REuAm : 
1) THE SPECTRAL DENSITY FUNCTION IS DEFINED 

2) PRIOR TO CALLING PSD, THE MEAN OF TIME 
SERIES Y SHOULD BE REMOVED FROM EACH 
ELEMENT OF THE TIME SERIES. 

THE (SQUARE OF THE DATA)/FREQUENCE 

ACCORDING TO m. 2.3 FROM CHAPTER TWO. 

3) THE OUTPUT IS RETURNED IN UNITS WHICH ARE 

SECMENT AVERAGING IS USED TO OBTAIN THE SMOOTH ESTIMATES 
THE TOTAL SAMPLE SIZE N = NSEG*L = NSEG*(2**LP2) 
WHERE NSEG = NUMBER OF SEGMENTS 

- 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
REAL Y(N),PSY(L/2+1) 
COMPLEX ZY(L) 

LD2P1 = L/2 + 1 . 

PI = ACOS(-1.0) 
NSEG = INT(N/L) 
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C SCALE FACTOR 0.875 IS DUE TO THE COSINE TAPPERINC 
C TO ADJUST THE POWER SPECTRAL ESTIMATE RESULTS 

FACTOR= ( DWREAL (L ) / (0.875) 

C INITIALIZE THE PSY 

5 

10 .... .... * .... .... 
.... .... .... 
.... 

30 
50 

DO 5 J=l,LD2Pl 
PSY (J )=O.O 

CONTINUE 
DO 50 I=l,NSEG 

ND= (1-1 )*L 
Do 10 J=l,L 

JPND= J+ND 
ZY (J =CMPLX( Y (JPND) ,O .O 

CONTINUE 

TAPERING THE DATA SEQUENCE USING 
THE COSINE TAPER DATA WINDOW 

CALL TAPER(ZY,L,X) 

COMPUTE D F T  .... 
CALL FFT(ZY ,LP2,L) 

DO 30 J=l,LD2Pl 

WNTINUE 
PSY (J) =PSY (J)+FACTOR*ABS( ZY (J ) )*ABS( ZY (J ) ) 

CONTINUE 

.... .... 

.... AVERAGE THE RESULTS FROM NSEC SEPARATE SEGMENTS .... 
DO 60 I=l,LD2P1 

PSY ( I =PSY ( I) /REAL( NSEG) 
60 CONTINUE 

RETURN 
END 
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SUBROUTINE TAPER(ZY ,L,DT) 

cccccccccccccccccccccccccccccc~cccccccccccccccccccccccccccccc yr 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

A SMOOTH FILTER SHAPE FOR FFT ESTIMATES TO 
REDUCE LEAKAGE CAN BE OBTAINED BY TAPERING 
THE ORIGINAL RANDOM TIME SERIES AT EACH END. 
SUBROUTINE TAPER USES A COSINE TAPER DATA 
WINDOW TO SMOOTH THE DATA AT 1/10 OF EACH 
END OF THE RECORD (SEE FIG 11.8, PG 146, NEWLAND, 
REFERENCE 1 IN APPENDIX B). 

ARGUMENTS 
ZY -INPUT COMPLEX VECTOR OF LENNGTH 

L CONTAINING THE ORIGINAL DISCRETE 
TIME SERIES 

L CONTAING THE TAPERED DATA 
-OUTPUT COMPLEX VECTOR OF LENGTH 

-INPUT LENGTH OF THE TIME SERIES L 
DT -SAMPLING INTERVAL 

Li 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

COMPLEX ZY (L ) 

PI=ACOS(-l.O) 
T=DTJ)REAL (L) 
TDlO=T/lO.O 
c1=9 . om 10 
CONST=PI/TDlO 
Do 20 I=l,L 

TIME=DT+REAL(I-~) 
IF (TIME .LE. TDlO) THEN 

UT = 0.5 - 0.5 COS(CONST TIME) 
ZY(1) = ZY(I)*uT 

ZY(1) = ZY(1) UT 

ELSEIF (TIME .CEO Cl) THEN 
UT 

END IF 

= 0.5 + 0.5 COS(C0NST (TIME-Cl)) 

20 CONTINUE 
RETURN 
END 

I 
8 

I 
I 
I 
I 
8 
I 
I 
I 
D 

I 
s 
1 
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SUBROUTINE FFT(A,NP,N) 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C 
C C 
C SUBROUTINE FFT FROM NEWLAND (PG 2201, REFERENCE 1 C 
C APPENDIX B, CALCULATES THE DFT OF A SEQUENCE A(1), C 
C A(2), ..., A(N), WHERE N = 2 " P ,  BY THE FFT METHOD. C 
C C 
C ARGUMENTS C 
C A -INPUT COMPLEX VECTOR OF LENGTH N C 
C CONTAINING THE DISCRETE TIME SERIES C 
C -OUTPUT COMPLEX VECTOR OF LENGTH N C 
C CONTAINING THE REQUIRED DFT C 
C NP -N=2**NP C 
C N -INPUT LENGTH OF THE TIME SERIES C 
C C 
c c 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

COMPLEX A(N) ,U,W,T 

PI=ACOS(-l . O )  

DIVIDE ALL ELEMENTS BY N 

DO 1 J=l,N 
A( J)=A( J)/N 
CONTINUE 

ND2=N/2 

J= 1 
NM1 =N- 1 

DO 4 L=l,NMl 

A( J)=A(L) 

IF (L .CEO J) GO TO 2 
T=A( J) 

A(L)=T 
K=ND2 
IF (K .GE. J) GO TO 4 
J=J-K 
K=K/2 
COT03 
J= J+K 

DO 6 M=l,NP 
U=( 1 .O,O.O) 
ME=2**M 
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K=ME/2 

DO 6 J=l,K 
W=CMPLX ( COS( PI/K ) ,-SIN( PI/K ) ) 

DO 5 L=J,N,ME 
LPK=L+K 
T=A(LPK)*U 
A (  LPK ) = A  (L ) -T 

5 A(L)=A(L)+T 
6 U=U*W 

RETURN 
END 
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SUBROUTINE PLTSTND 
INTEGER MARK, ICODE, IRATE,MODEL 
PARAMETER ( M A R G O )  
REAL DELTAT,WIDTH,HEIGHT,VBIAS,TBIAS 
REAL VTS ( LVPLT ) 
CHARACTER *40 TIMELBL, VELCLBL, ANS1*2 
DATA ICODE/ 1 /,IRATE/ 2400 /,MODEL/ 4014 / 
DATA WIDTH/ 9.0 /,HEIGHT/ 7.0 / 
DATA TORIC/ 0.0 /, VORIW 0.0 /, TBIAS/ 3. /, VBIAS/ 1. / 
TIMELBL = 'TIME (SEC)' 
VELCLBL = 'RANDOM TURBULENCE VELOCITY '//ANSl 

VTS , LVPLT DELTAT , ANS 1 ) 

.... FORM MIN & MAX ON THE TIME AXIS .... 
TMIN=O. 0 
TMAX=LVPLT*DELTAT 
TFACT=WIDTH/ (TMAX-TMIN) * .... FIND MIN & MAX OF RANDOM VELOCITY VECTOR, VTS .... 

0 . 0 .  

CALL CHECK (VTS,LVPLT,VMIN,VMAX) 
VFACT=HEIGHT/(VMAX-VMIN) 

CALL PiOTiTE (imDE j 
CALL TKTYPE (MODEL) 
CALL BAUD (IRATE) 

CALL TEKPAUS 

CALL SCALE (TFACT,VFACT,TBIAS,VBIAS,TMIN,VMIN) 
CALL AXISL (TMIN, TMAX , TORIC, VMIN, VMAX , VORIC, 0 .0,1.0, 

CALL SIZE  WIDTH+^. ,  HEIGHT+^.) 
* 0 0 . .  

h 0 , 0 , -1  , 2 , 1. , 1. ,0.2, 0 ) ..... PRINT HEADINGS .... 
XPOS=TMAX+ . 1 /"FACT 
CALL SYMBOL (XPOS, YPOS ,O .O ,O . 2,40, TIMELBL 1 
XPOS=TMIN+ 1 ITFACT 
YPOS=VMAX+O .4/VFACT 
CALL SYMBOL (XPOS , YPOS, 0.0,O. 2,40, VELCLBL) 

CALL VECTORS 
IP=O 
DO 10 I=l,LVPLT 

XT=IJ*DELTAT 
YV=VTS( I) 
CALL PLOT (XT,YV,IP,MARK) 
IP= 1 

YPOS=-0.2/VFACT 

.... PLOT RANDOM VELOCITY .... 

IJ=I-1 

10 CONTINUE 
CALL PLOTEND 
RETURN 
END 
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SUBROUTINE PLTLOC ( SPECT , FREQ , LHALF , LABEL,, ANSPLT 
INTEGER MARK,NLABEL,,ICODE,IRATE,MODEL 
PARAMETER (NLABEL= 1 ,  MARK=^^ ) 
REAL WIDTH,HEIGHT,FBIAS,SBIAS 
REAL SPECT( LHALF ) , FREQ( LHALF ) 
CHARACTER '40 
DATA 
DATA FBIAS/l./ SBIAS/l./ 
FREQLBL = 'FREQ (HZ) ' 
PSDLBL = ' PSD OF ' / /ANSPLT// ' //LABEL (NLABEL 

LABEL (NLABEL ) , FREQLBL , PSDLBL"60, ANSPLT'2 
ICODE/l/ IRATE/2400/ MODEL/4014/ WIDTH/9./ HEICHT/7./ 

...a FIND MIN A N D  MAX OF THE FREQUENCY VECTOR . . . e  

CALL CHECK (FREQ , LHALF , FMINC , FMAXC 
FMIN=ALOClO(FMINC) 
FEIAX=ALOClO(FMAXC) 
FFACT=WIDTH/(FMAX-FMIN) 

CALL CHECK (SPECT , W L F  , SMINC , SMAXC 
CALL RANCEL (SMINC , SMAXC , SMINR, SMAXR) 
!%IN= ALOC 10 (SMINR ) 
SMAX=ALOClO(SMAXR) 

. . e .  FIND MIN & MAX OF THE SPECTRUM VECTOR e . . .  

SFACT=HEiGHT/(SMAX-SMIN) .... 
CALL 
CALL 
CALL 
CALL 
CALL 

CALL 
CALL 

.... 
a .... 

PLOTYPE(1CODE) 
TKTYF'E (MODEL ) 
BAUD( IRATE) 
SIZE(WIDTH+2.5,HEIC+2.5) 
TEKPAUS 

SCALE (FFACT,SFACT,FBIAS,SBIAS,FMIN,SMIN) 
AXISL (FMINC,FHAXC,FMINC,SMINC,SMAXC,SMINC,l.,l. 

,O,O, l,l, l., 1. ,0.1,3) 

.... PRINT HEADINGS .... .... 
XPOS=FMIN+3.5/FFACT 

CALL SYMBOL (XPOS,YPOS,O. ,0.2,40,FREQLBL) 
XPOS=FMIN+l./FFACT 
YPOS=SMAX+0.2/SFACT 
CALL SYMBOL (XWS, YPOS ,O . ,O . 2,60,  PSDLBL) 

YPOS=SMIN-O025/SFACT 

.... .... PLOT POWER SPECTRUM .... .... 
CALL POINTS 
IP=O 
Do 100 I=l,LHALF 

XF+=ALOClO(FREQ( I) ) 
YS=ALOClO (SPECT( I ) ) 
CALL PLOT (XF,YS,IP,MARK) 
IP= 1 
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100 CONTINUE 
CALL PLOTEND 
RETURN 
END 
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APPENDIX D. INPUT DATA F I L E  

The following sample input data file is fo r  Mod-OA turbine. 
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APPENDIX E .  PROCEDURAL EXAMPLE O F  THE PROGRAM SIMULX 

INTERACTIVE RUN 
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APPENDIX F. RESULTS O F  THE SAMPLE RUN FOR Mod-OA TURBINE 

The s i m u l a t e d  r e s u l t s  are a s  o b s e r v e d  from t h e  t i p  of a 

Mod-OA wind t u r b i n e  b l a d e .  
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Figure 1.1. Rotor d i s k  coordinate system. 
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Figure 1 . 2 .  Streamlines for in-plane v e l o c i t y  
gradient terms. 
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